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Males and females often exhibit different behaviour in reproduction (termed sex roles), which is believed to 
have driven sex differences in many aspects of the animals’ biology, such as morphology and physiology. A 
central consequence of this divergence in behaviour are sex differences in mortality that, despite being 
widespread across animals, often their causes are unknown or ignored. Birds are charismatic vertebrates with 
remarkable features that make them ideal candidates for the study of breeding system evolution, such as diverse 
parental care, and flexible mating systems. Importantly, in most birds, females have higher mortality rates than 
males. Several life-history variables have been associated with female-biased mortality, but the proximal 
causes of this sex bias are widely unknown. The main objective of this dissertation is to explore how pathogens 
and the immune system are involved in sex-specific mortality in birds. My PhD used both single- and multi-
species approaches to evaluate different aspects of macro- and micro-parasite infection and of the avian 
immune system. By using a small shorebird, the Kentish plover (Charadrius alexandrinus), as an ecological 
model organism, I show that bacterial infection on island and continental plover populations are not different, 
although females have higher infection rate than males. In a follow-up comparative study, I show that the 
prevalence of gastrointestinal and blood parasites does not differ between the sexes and parasite prevalence is 
not associated with sex-specific mortality across 138 species of birds. Then, taking a immunological approach, 
I used samples from wild populations of Black-winged stilts (Himantopus Himantopus) and Kentish plovers, 
to show that these two species lack sexual differences in agglutination and lysis titres, which partly follows 
predictions from demographic variables, although transcriptomic data of two different populations of Kentish 
plovers do show a male bias in expression of immune genes in the brain. Finally, in a comparative study across 
41 wild bird species I showed that sex-specific immune response depends on the breeding status of the birds, 
where males tend to be more immunocompetent than females during the breeding season. Taken together, my 
PhD work suggests that the relationships between parasite prevalence, immune-responses and sex-different 
mortalities are not as simple as one would hypothesise. Finally, I discuss the contribution of my studies to the 
understanding of sex-specific mortality in birds, considering limitations and potential future studies. 
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Chapter 1 | Introduction 
One of the fundamental patterns in animal social behaviour is that females tend to be the caring sex, whereas 
males compete for access to females (Queller, 1997; Henshaw et al., 2019). This is usually termed as 
‘conventional sex roles.’ Anisogamy (different gamete sizes between the sexes) is thought to, at least partially, 
explain the fundamental origin of divergence of sex roles as gamete dimorphism defines the sexes; prior to 
mating one sex specialises on providing nourishment for their gametes whiles the other sex focuses on motility 
of their gametes (Parker et al., 1972; Lehtonen et al., 2016; Henshaw et al., 2019). The initial asymmetry in 
pre-mating parental investment (eggs versus sperm) is assumed to promote divergence in post-mating parental 
investment (parental care). Bateman (1948) was the first to recognise the prominence of anisogamy in sex role 
determination by proposing that anisogamy ultimately drove the male bias in sexual selection that is often 
observed in sexually reproducing animals. Based on field observations, Charles Darwin argued that males are 
typically eager to copulate, whereas females are choosy about whom to mate with (Darwin, 1871); together 
the Darwin-Bateman paradigm is the most commonly invoked concept to explain conventional sex roles 
(Dewsbury, 2005; Janicke et al., 2016). 
However, there are abundant exceptions to the above pattern. These are labelled as sex-role reversal and 
consist of animals where males contribute more to care than females, and females compete for males. Sex-role 
reversal is widespread in nature, occurring in insects, fish, amphibia and birds (Clutton-Brock, 1991; Eens & 
Pinxten, 2000). These behavioural exceptions were first explained by recurring to ecological or life-history 
drivers, although empirical studies failed to support these hypotheses (Oring, 1986; Clutton-Brock, 1991; 
Bennett & Owens, 2002). More recent studies now link sex-role reversal to variations in adult sex ratios (ASR) 
and mating competition, mating systems and parental behaviour, because ASR directly affect the number of 
available males and females in the social environment (McNamara et al., 2000; Kokko & Jennions, 2008; 
Liker et al., 2013). In spite of these recent works, the association between ASR and sex role behaviour has 
remained controversial (Fromhage & Jennions, 2016). 
Sex-specific parental contribution varies greatly in nature, with strong differences between and within 
animal groups. In mammals, male-only care is completely absent, and females care alone in about 90% of 
species (Royle et al., 2012; West & Capellini, 2016). In birds, 90% of species show biparental care, with 
cooperative breeding being part of this portion (about 9% of species, Cockburn, 2006; Remeš et al., 2015). 
But on average, female birds invest more heavily than males (e.g. Møller & Birkhead, 1993; Schwagmeyer et 
al., 1999). In reptiles with parental behaviour, care is provided either by the female or by both parents 
(Reynolds et al., 2002). In amphibians, male-only and female-only care has evolved equally, while biparental 
care occurs at a low level (Beck, 1998; Summers et al., 2006; Summers et al., 2007; Vági et al., 2019). In fish, 
the ratio of genera with male-only to biparental to female-only care is 9:3:1 (Reynolds et al., 2002), but which 
sex provides the bulk of care varies widely among families (e.g. Goodwin et al., 1998; Goodwin et al., 2002; 
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Mank et al., 2005). Finally, in invertebrates with parental care the majority have female-only care, biparental 
care is uncommon, and male-only care is rare (Zeh & Smith, 1985). In arthropods, for example, male care has 
only evolved in eight independent lineages (Tallamy, 2000). Thus, from the preceding descriptions of male 
and female reproductive roles, it is difficult to imagine a single ecological or life-history reason why some 
organisms exhibit conventional sex roles whereas others are sex-role reversed. 
1.1 Sex-specific mortality 
With the polarisation of sex roles between males and females, selection favoured traits that independently 
optimise breeding success of each sex. Thus, in the conventional picture, males may increase body size or 
develop ornamentation that would help in fights against other males while competing for females, whereas 
females may benefit from developing conspicuous coats to go unnoticed in presence of predators while nesting 
(Figuerola & Green, 2000). Although not all species present such radical sex differences in traits, most animals 
do present at least some differences in sex roles either at pre-mating or post-mating. These sex differences 
might in turn impose direct increase in sex-specific risks of mortality due to, for instance, aggression (Liu et 
al., 2017), or in indirect fashion such as higher risk of parasite infection (van Oers et al., 2010) (Fig. 1.1). In 
fact, sex differences in mortality are widespread in nature and have been reported across all major animal taxa 
(e.g. Rasgon, 2012; Eberhart-Phillips et al., 2018; Honeycutt et al., 2019; Lemaître et al., 2020). Whether males 
or females die more depends on the species in study and the causes of this are often unclear or ignored. 
Importantly, sex differences in mortality may alter the proportions of the sexes in the adult population and thus 
are considered as one important driver of ASR variation (Székely et al., 2014). Furthermore, sex-specific 
mortality also has implications for population dynamics, risk of extinctions and biodiversity conservation 
because the number of females impacts on population growth (Székely et al., 2014 and references therein; 
Eberhart-Phillips et al., 2017). 
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Figure 1.1 Logical framework that underpins the dissertation: the main causes of mortality in birds may be 
importantly determined by sex-different immune defences and parasite infection. The red dashed line 
denotates a feedback loop where sex-specific mortality will affect the pool of adult individuals in a 
population (ASR) that in turn might influence sex roles. 
1.2 Sex difference in pathogens 
A pathogen may be defined as any microorganism or agent able to cause disease, such as a virus, bacterium, 
parasite, fungus or others. These microorganisms are foreign to the host and are acquired during its lifetime. 
After conception, animals develop in a nearly sterile environment and start acquiring most of their microbiota 
during or immediately after birth (Dietz et al., 2019; Stinson et al., 2019), either directly from the environment, 
like in birds (Grond et al., 2017), or from the birth canal as in most mammals (de Goffau et al., 2019; Shao et 
al., 2019). Differences in lifestyles between males and females may create different rates of exposure to 
pathogens that could be in part responsible for the sex differences in pathogen burdens in natural populations 
(e.g. Poulin, 1996; McCurdy et al., 1998; Moore & Wilson, 2002; Poiani & Gwozdz, 2002; White et al., 2011). 










Introduction | Chapter 1 
 4 
sex that provides most of the pre-hatching parental care (i.e. sitting on eggs inside the nest) will experiment 
increased risk in attacks of mosquitoes (Culicidae), biting midges (Ceratopogonidae), or louse flies 
(hippoboscidae) (Korpimäki et al., 1993; van Oers et al., 2010), the main vectors of avian malaria parasites 
(Lehane, 2005). Another example of sex differences in pathogen burden relates to sexual size dimorphism and 
argues that the larger sex provides greater space and more resources for parasites, thus representing less 
ephemeral habitat patches than the small-bodied sex (based on the island biogeography theory, MacArthur & 
Wilson, 1967). Also, a larger animal has higher energetic demands, which may translate into increased contact 
with gastrointestinal parasites through food consumption (Kamiya et al., 2014). 
Males and females also differ greatly in their physiology. In vertebrates, sex differences in physiology 
are triggered prematurely by exposure to different concentrations of sex hormones (i.e. oestrogens and 
androgens) secreted by their gonads during embryonic development, ultimately influencing many metabolic 
pathways thus defining the sexes as known (Kobayashi et al., 2018). The immunomodulating effect of sex 
hormones has been exploited to explain differences in parasite burden (e.g. Klein, 2004); however, recent 
evidence challenges this previously accepted association (Foo et al., 2017; see next section). 
Social behaviour and mating strategy could also affect pathogen infection rate. The sex-specific social 
structure in highly social animals could dramatically affect pathogen transmission when compared to the ones 
that live in solitude (VanderWaal et al., 2014; Sah et al., 2018). In many mammals such as the Northern fur 
seal (Callorhinus ursinus), their breeding social structure is divisive and allocates individuals into two broad 
groups: (i) harems with one male and many females, and (ii) groups of young males that were excluded from 
the previous to join bachelor herds (Gentry, 1998). In Northern fur seals, pathogen transmission rate will be 
importantly constrained by the social group infected and whether the pathogen is sexually transmitted. The 
mating system, a life-history trait that predicts the behavioural patterns of sexual interactions in animals, can 
also influence pathogen acquisition because promiscuity entails higher risk of infection than monogamy. 
However, the sex-specific prediction of infection varies according to the specific animal system in 
study. In birds, theoretical models studying the prevalence of sexually transmitted infections (STIs) and their 
association with mating systems predict that, at the population level, the sex with the higher variance in mating 
success should have lower prevalence of infection (Thrall et al., 2000; Ashby & Gupta, 2013). However, 
although these theoretical models assume a polygynous population and balanced adult sex ratios –not a general 
occurrence in the wild (Halimubieke et al., in review; Donald, 2007; Székely et al., 2014; Eberhart-Phillips et 
al., 2018)– the predictions of Thrall et al. (2000) and Ashby & Gupta (2013) in skewed adult sex ratios should 
hold, because at the population level, the sex with higher variance in mating success will proportionally have 
fewer sexual interactions and thus lower prevalence of STIs. Furthermore, the few available empiric studies 
that have addressed this topic in the wild confirm a cost of bacteria transfer associated to multiple mating 
compared to monogamy (Poiani & Gwozdz, 2002; White et al., 2011). 
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1.3 Sex difference in immunity 
The purpose of the immune system is to distinguish between the hosts’ healthy tissue and exogenous elements 
such as parasitic worms. Because the host is in constant interaction with the environment, the immune system 
is continuously challenged by exogenous agents, many of them of pathogenic potential that, if not controlled, 
could result in lethal consequences for the host (Abbas et al., 2015). The immune system is broadly divided 
into innate immunity and adaptive immunity. The innate immunity, primitive in origin, corresponds to an 
immediate and unspecific response and is broadly present across animals, whereas the adaptive immunity is 
slower to develop, more specific, and restricted only to vertebrates (Buchmann, 2014; Abbas et al., 2015). 
Different immunocompetence between males and females is common in vertebrates, historically 
associating those sex differences to the immune suppressive effect of androgens in males and the immune-
enhancer influence of oestrogens in females (Klein & Roberts, 2010; Furman et al., 2014; Klein & Flanagan, 
2016). However, these studies have primordially been centred on laboratory animals and humans. While more 
broad views have challenged the immune-modulatory effect of sex hormones in wild populations as two 
independent meta-analyses found inconsistent results (Roberts et al., 2004; Foo et al., 2017). Nevertheless, 
research in mammals has repeatedly supported an important influence of sex hormones on immunity (see Zuk, 
2009; Klein & Flanagan, 2016; Smyth et al., 2018). 
Because the immune system is complex and requires immense allocation of resources to function, 
hypotheses linking energetic investment to sexual selection and mating systems have been proposed to explain 
differences in immune function, particularly in birds. The economy of energetic investment should emphasise 
allocation of resources to traits that maximise individual fitness of the sexes. For example, if investing in 
longevity will improve females’ reproductive success, more resources should be allocated into immunity 
(Rolff, 2002). Generally under polygamy (polygyny), males are the competing sex, manifested as behavioural 
traits (e.g. aggression; territoriality), larger body size (relative to females), or ornamentation, while in 
monogamous species, these differences between the sexes tend to be minimal, and thought to be due to lower 
forces of sexual selection acting on the sexes (Zuk & McKean, 1996; Rolff, 2002; Fairbairn et al., 2007; 
Janicke et al., 2016). 
Zuk (1990, 1994) proposed that sex differences in immune capacity may be driven by the different ways 
the sexes achieve reproductive success. Although this idea has been modestly addressed, shows a rather 
adequate consistency towards no sex bias in immune capacity in monogamous populations, and immune sex 
biases in polygamous ones. For example, Blue tits (Cyanistes caeruleus) and Tree sparrows (Passer 
montanus), two monogamous passerines species, showed no sex differences in humoral immune function 
(Råberg et al., 2003; Lee et al., 2006). While sex differences are found in polygamous species as in Red-
winged blackbirds (Agelaius phoeniceus) and the Red junglefowl (Gallus gallus) where males showed lower 
immune function level than females (Zuk, 1996; Hasselquist et al., 1999). Unfortunately, the studies available 
are few and tend to focus on monogamous species. A recent meta-analysis in birds showed no sex bias in 
immunity, which follows up several mixed and inconclusive results in this topic (Kelly et al., 2018). 
Nevertheless, Kelly et al. (2018) had considerable limitations, for instance they pooled estimates of innate and 
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adaptive immunity together, they also pooled different age classes and different types of immune assays, so 
that the potential impact of important variables like timing in the season and mating system may have masked 
sex-different immune responses. 
Research in mammals has shown that important sex differences in immunocompetence consistently 
find females as the stronger sex (Zuk, 2009; Klein & Flanagan, 2016; Natri et al., 2019), although most of 
these studies have been conducted in humans and laboratory animals. For instance, women with acute HIV 
infection have 40% less viral RNA in their blood than men (Griesbeck & Altfeld, 2015). In most countries, 
tuberculosis notification is twice as high for men than women, suggesting that for tuberculosis, being male is 
a risk factor (Horton et al., 2016). Furthermore, the recent COVID-19 pandemic showed significantly higher 
mortality rate in men infected with the virus than in women in spite of approximately equal infection rates of 
males and females (GlobalHealth5050, 2020). There are various hypothesised explanations for these sex 
differences, although in humans, the explanations often invoke proximate mechanisms such as changes in sex 
steroid concentrations (discussed above) and X chromosome diploidy, based on the fact that the X chromosome 
contains relatively large immune coding genes compared to the Y chromosome (Case et al., 2012; Case et al., 
2013). Nevertheless, in most wild animals, the causes of sexual differences in immune function are still largely 
unknown. 
1.4 Why study birds 
Birds have been source of wonder and admiration in many cultures throughout history of mankind. Their 
ability to fly is arguably the main feature that firstly caught our attention as kids: how they can do that? –one, 
naively, might have asked. Perhaps this partly explains the reason why birds are one of the best studied 
vertebrates, along with the fact that the majority of birds are diurnal; a clear advantage compared to other 
vertebrates such as mammas that are mostly nocturnal. Birds are important players in ecosystems because 
survival of many plant species depends on pollinators such as hummingbirds, or the spread of seeds by other 
fruit-eating birds. Birds of prey can also be crucial from an epidemiological perspective because they are 
important pest controllers by feeding on animals of zoonotic potential such as rodents. 
Importantly, birds show great range of sexual dimorphism, where males and females may be 
indistinguishable from one another in species like the Jackdaw (Corvus monedula), to cases where males can 
be up to three times heavier than females like in the Great bustard (Otis tarda). Some birds also present reverse 
sexual dimorphism (females larger and/or brighter than males). Furthermore, their parental care duties and 
mating system behaviour varies dramatically between species. This rich diversity of traits between the sexes 
places birds as a unique group to study the origin of their sex differences in mortality, as well as its relationship 
to sex differences in immune variables and pathogen burden. In fact, birds are the group of vertebrates with 
the largest and most detailed data available on mating system and sex roles, a clear advantage when aiming to 
untangle universal patterns. 
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1.5 Dissertation objectives 
The main objective of my dissertation is to investigate the extent of sex differences in pathogen burden and in 
immunity in birds, and test whether these sex differences may be linked to sex differences in mortality. To 
understand the complex relationship between sex roles, parasites and immunocompetence, my dissertation has 
two main objectives; these objectives are addressed using single- and multi-species (comparative) approaches: 
(i) Investigate whether micro- and macro-parasites of known biological relevance are present at different 
rates of infection in male and female wild birds. 
(ii) Determine whether males and females differ in various aspects of their immune system in wild birds. 
The chapters presented here address the above question by, first, investigating the sex-specific prevalences in 
micro- and macro parasites in birds, to then shift the approach towards the host, by investigating parameters 
of the immune system using both single- and multi-species methodologies. My main study organisms are birds, 
where I carried out several studies using shorebirds as model organisms. Shorebirds (Charadriidae: plovers, 
sandpipers and allies) are highly suitable for evolutionary studies since they present broad behavioural and 
ecological diversity in mating and parental strategies, thus being an excellent model systems to investigate 
sexual selection, breeding systems and sex roles (Székely & Reynolds, 1995; Thomas et al., 2007; Székely, 
2019). 
The first two chapters focus on parasites. In Chapter 2 I centre on a well-studied shorebird, the Kentish plover 
(Charadrius alexandrinus), and investigate the prevalence of three important bacteria on Kentish plover 
populations from the continent and islands, considering sex-specific infection and its impact on body 
condition. Although many processes could result in different parasite burden in the sexes in birds, it was not 
clear whether parasite prevalence could substantially contribute to sex-specific mortality. Such an assessment 
was long overdue, given that the last reviews on this topic were published more than 20 years ago (Poulin, 
1996; McCurdy et al., 1998). Therefore, in Chapter 3 I carry out a meta-analysis and comparative analysis 
methods to investigate the effect of sex-specific gastrointestinal and blood parasites on mortality across 138 
species of birds. 
In the following three chapters I focus on immune capacities since the immune system is critical for pathogen 
defence and hence host survival. The immune system is energetically expensive and has been proposed to be 
traded-off against a number of life-history variables in order to maximise reproductive success. Thus, in 
Chapter 4 I tested the methodology to assess the sex-specific strength of innate immune function in two wild 
shorebird populations (Kentish plovers and Black-winged stilts, Himantopus himantopus). Whereas in 
Chapter 5, I compared the immune gene expressions in the brains of male and female Kentish plovers to 
assess sexual dimorphism in gene expression. Whilst substantial research has been conducted on immune 
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defences of males and females in wild birds, the results are inconsistent across species. To seek general 
patterns, in Chapter 6 I carry out a multi-species analysis of the sex-specific effect of breeding status on eight 
immune parameters using data from 41 bird species. 
In Chapter 7 I summarise the results in the context of sexual differences in mortality in birds, discussing 
possible limitations of the various research approaches. Finally, I propose unexplored areas that have potential 
in further explaining such sex differences in nature. 
I would like to note that I acknowledge the variety of interpretations that sex roles could entail (Schärer et al., 
2012), and it is not my objective to discuss these differences here. In this dissertation I have adopted the 
approaches presented by Janicke et al. (2016) and Jennions & Fromhage (2017). 
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3.1 Supplementary material 1 
 2 
Figure S1. Phylogenetic hypothesis used in the comparative analysis for (A) blood 3 
































































































































































Figure S2. Phylomorphospace plots of the association between the sex bias in annual mortality and (A) the sex bias in prevalence of blood 7 
parasites, and (B) the sex bias in gastrointestinal parasites. Represented in colors are the four and three avian orders with the greatest numbers of 8 
species in each of the analysis. 9 
A B 
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Literature search 
Because our aim was to evaluate the effect of parasitism on sex-specific mortality, the list of names searched initially corresponded to 369 bird 
species included in the dataset of sex-specific annual mortality data provided by(Székely et al., 2014) Székely et al. (Proc. R. Soc. B 2014; 
281:20140342). 
We found 78 studies that met the inclusion criteria for blood parasites and 39 for gastrointestinal parasites. These studies were result of 
searches on ISI Web of Science, Google Scholar, and consulting the material used in Poulin (Am. Nat. 1996; 147(2):287-295), McCurdy et al. 
(Oikos 1998; 82(2):303-312). Two studies corresponded to Master of Science theses and one to a Doctoral thesis. Details of the species and each 
corresponding study used in the analysis are given in Table S1 and S2. 
After the initial search, we found blood parasite data for 96 bird species, 38 of which were not listed in Székely et al. (Proc. R. Soc. B 2014; 
281:20140342). For these 38 species we collected mortality, mating system and body size data using the methodologies described in Székely et 
al. (Proc. R. Soc. B 2014; 281:20140342) and Liker et al. (Curr. Biol. 2014; 24(8):880-884). More details are given in the methods section, main 
text. 
For gastrointestinal parasites, from the 54 species found, 7 were not included in Székely et al. (Proc. R. Soc. B 2014; 281:20140342). For 
these 7 species, data on mortality, mating system and body size was collected as described above. 
 
Table S1. List of 78 studies consulted to extract data on blood parasites. 
species order study 
Falco sparverius Falconiformes Apanius, V. & Kirkpatrick, C.E. 1988. Preliminary report of Haemoproteus tinnunculi infection in a breeding 
population of American Kestrels. J. Wildl. Dis. 24(1):150-153. 
Accipiter nisus Accipitriformes Ashford, R.W. et al 1990. Leucocytozoon toddi in British sparrowhawks Accipiter nisus: observations on the 
dynamics of infection. J. Nat. Hist. 23(5): 1101-1107. 
Cardinalis phoeniceus Passeriformes Belo, N.O. et al. 2012. Diversity of avian haemosporidians in arid zones of northern Venezuela. Parasitology 139: 
1021-1028. 
Tiaris bicolor Passeriformes Belo, N.O. et al. 2012. Diversity of avian haemosporidians in arid zones of northern Venezuela. Parasitology 139: 
1021-1028. 
Grus americana Gruiformes Bertram, M.R. et al. 2016. Haemosporida prevalence and diversity are similar in endangered wild whooping 
cranes (Grus americana) and sympatric sandhill cranes (Grus canadensis). Parasitology 144(5): 629-640. 
Grus canadensis Gruiformes Bertram, M.R. et al. 2016. Haemosporida prevalence and diversity are similar in endangered wild whooping 
cranes (Grus americana) and sympatric sandhill cranes (Grus canadensis). Parasitology 144(5): 629-640. 
Zonotrichia leucophrys Passeriformes Bonier, F. et al. 2006. Sex-specific consequences of life in the city. Behav. Ecol. 18(1): 121-129. 
Anthus campestris Passeriformes Calero-Riestra, M. & García, J.T. 2016. Sex-dependent differences in avian malaria prevalence and consequences 
of infections on nestling growth and adult condition in the Tawny pipit, Anthus campestris. Malaria Journal 15: 
178. 
Pica nuttalli Passeriformes Clark, G. 1964. Frequency of Infection and Seasonal Variation of Leucocytozoon berestnefi in the Yellow-billed 
Magpie, Pica nuttalli. The Journal of Protozoology 11(4): 481-484. 
Larus scopulinus Charadriiformes Cloutier, A. et al. 2011. Plasmodium infections of red-billed gulls (Larus scopulinus) show associations with host 
condition but not reproductive performance. J. R. Soc. N. Z. 41(4): 261 277. 
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Meleagris gallopavo Galliformes Cook, R.S. et al. 1966. Haemoproteus in Wild Turkeys from the Coastal Bend of South Texas. The Journal of 
Protozoology 13(4): 588-590. 
Ficedula hypoleuca 2 Passeriformes Dale, S. et al. 1996. Effects of blood parasites on sexual and natural selection in the pied flycatcher. J. Zool. 
238(2): 373-393. 
Progne subis Passeriformes Davidar, P. & Morton, E.S. 1993. Living with parasites: prevalence of a blood parasite and its effect on 
survivorship in the purple martin. The Auk 110(1):109-116. 
Junco hyemalis Passeriformes Deviche, P. et al. 2001. Seasonal and Age-Related Changes in BloodParasite Prevalence in Dark-Eyed Juncos 
(Junco hyemalis, Aves, Passeriformes). J. Exp. Zool. 289(7): 456-466. 
Loxia leucoptera Passeriformes Deviche, P. et al. 2009. Blood parasitaemia in a high latitude flexible breeder, the white-winged crossbill, Loxia 
leucoptera: contribution of seasonal relapse versus new inoculations. Parasitology 137(2): 261-273. 
Cygnus olor Anseriformes Dolka, B. et al. 2014. Hematological parameters in relation to age, sex and biochemical values for mute swans 
(Cygnus olor). Veterinary Research Communications 38: 93–100. 
Ficedula hypoleuca Passeriformes Dubiec, A. et al. 2017. Haemoparasites of the pied flycatcher, inter-population variation in the prevalence and 
community composition. Parasitology 145(7): 912-919. 
Parus major Passeriformes Dunn, J. et al. 2011. Personality and parasites: sex-dependent associations between avian malaria infection and 
multiple behavioural traits. Behav. Ecol. Sociobiol. 65:1459-1471. 
Quelea quelea Passeriformes Durrant, K.L. et al. 2007 Variation in haematozoan parasitism at local and landscapelevels in the red-billed 
quelea Quelea quelea. J. Avian Biol. 38(6): 662-671. 
Baeolophus bicolor Passeriformes Fast, K.M. et al. 2016. Haemosporidian prevalence and parasitemia in the tufted titmouse (Baeolophus bicolor). J. 
Parasitol. 102(6): 636-642. 
Acrocephalus schoenobaenus Passeriformes Fernandez et al 2010 High prevalence of haemosporidians in Reed Warbler Acrocephalus scirpaceus and Sedge 
Warbler Acrocephalus schoenobaenus in Spain 
Acrocephalus scirpaceus Passeriformes Fernandez, M. et al. 2010. High prevalence of haemosporidians in Reed Warbler Acrocephalus scirpaceus and 
Sedge Warbler Acrocephalus schoenobaenus in Spain. J. Ornothol. 151: 27. 
Dendragapus obscurus Galliformes Forbes, M. R. et al. 1994. Blood Parasites of Blue Grouse: Variation in Prevalence and Patterns of Interspecific 
Association. Oecologia 97(4): 520-525. 
Dendragapus obscurus 2 Galliformes Forbes, M. R. et al. 1994. Blood Parasites of Blue Grouse: Variation in Prevalence and Patterns of Interspecific 
Association. Oecologia 97(4): 520-525. 
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Marsh, Manitoba. Canadian Journal of Zoology 50(5): 633-637. 
Anas_platyrhynchos Anseriformes Crichton, V.F.J. & Welch, H.E. 1972. Helminths from the digestive tracts of mallards and pintails in the Delta 
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Wales. Ibis 106(4): 532-540. 
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Chapter 4 | Sex-specific immune function in 
shorebirds 
José O. Valdebenito, Jordi Figuerola, Alejandro Pérez-Hurtado, Macarena Castro, Tamás Székely, Arne 
Hegemann 
This paper reports on original research I conducted during the period of my Higher Degree by Research 
candidature 
4.1 Abstract 
Work in the field imposes many limitations that could potentially constrain effective sampling of tissue that 
may require strict conditions of collection or transportation, often used in determination of many physiological 
parameters. The immune system is critical for infection defence and several theories postulate trade-offs with 
life-history traits, which could help answer yet unknown questions about different mortality rates of males and 
females in birds. However, relatively little is known about immunity in male and female shorebirds and how 
it might differ at different age groups. Here we quantify immune function in two species of shorebirds, the 
Kentish plover (Charadrius alexandrinus), in which males survive better than females so that one would expect 
males to have superior immune function than females, and the monogamous Black-winged stilt (Himantopus 
himantopus), with no sex differences expected. Using samples from wild birds, we determined sex-specific 
agglutination and lysis titres in 30 adult Kentish plovers and 21 Black-winged stilts chicks. Contrary to our 
expectations, we found no sexual differences in immune function between males and females in Kentish 
plover. Black-winged stilts also lacked sex differences in immunity, although these were in line with the 
expectation. In addition, body condition of neither Kentish plover nor Black-winged stilts were related to the 
strength of their immune function. Taken together, our results provide partial support to the hypothesised link 
between sex different survival and immune function. Further samples –possibly from additional shorebird 
species of both chicks and adults– are needed to investigate the hypothesised relationship between survival 
and immune function.  
Keywords: immunocompetence, immunity, sex bias, sexual selection, waders, mating strategy
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4.2 Introduction 
The study of wildlife in their environment has enabled the understanding of crucial patters of the natural world. 
However, work in the field is often constrained by a number of factors that go beyond our control such as 
weather, local facilities (e.g. electricity) or geographical features. One meaningful variable to evaluate in wild 
populations is the immune system because is the main defence mechanism against exogenous challenges such 
as pathogens (Abbas et al., 2015). There are several methods for assessing the strength of the immune system 
in birds in the field, most of them routinely conducted in passerines (for examples, see Horrocks et al., 2015; 
and Nwaogu et al., 2019). They are generally based on blood sampling and critically depend on prompt access 
to refrigeration and/or below-zero-degrees (0°C) storage. However, despite following strict protocols, the 
consistency of some of these immune assays seems to vary between species (AH pers. obs.). The 
haemagglutination and haemolysis assays are two immune assays that evaluate baseline immune function by 
quantifying natural antibodies and complement activity from plasma, respectively. Since their introduction as 
a reliable measure of innate immune function (Matson et al., 2005), these assays have been used extensively 
in many bird species but rarely in shorebirds. Because Matson et al. (2005) recognised significant variation 
among species in these assays, the lack of studies available using this method could be a source of concern in 
terms of reliability for researches that specialise in this bird group. 
In the present work we test the effectivity in the field of two well-stablished immune assays, the 
haemagglutination and haemolysis assay, to evaluate aspects of the innate immune defence in two shorebird 
species with no prior records with such tests. We specifically aimed to conduct these analyses in Kentish 
plovers (Charadrius alexandrinus) and Black-winged stilts chicks (Himantopus himantopus) breeding 
sympatrically in Southern Spain, taking into consideration sex differences and age classes. We generated 
immune function predictions based on the birds’ mating system and its association with intra-sexual agonistic 
behaviour. In polygamous systems the sexes are believed to be under stronger sexual selection forces that in 
turn will select for traits that will optimise mate acquisition, often including physical or behavioural traits such 
as ornamentation and vocalisation (Grether, 1996). An example of this is the agonistic behaviour, commonly 
shown by males against other males while holding territory or to get access to females. However, competing 
for these resources comes at high costs as frequently result in physical injury or even death (Liu et al., 2017). 
Under these assumptions, in the polyandrous Kentish plover, we expect males to present a stronger 
innate immune defence as an adaptive result of intense male-male competition (fights). Whereas in the 
monogamous Black-winged stilt, we would expect no differences in immune defence between the sexes. In 
both species we also accounted for possible confounding effects related to body condition and developmental 
stage (Stambaugh et al., 2011; De Rosa et al., 2015). Furthermore, demographic variables in Kentish plover 
support the direction of the sex bias since they present a balanced hatching sex ratio, male-biased adult sex 
ratio and female-biased adult mortality (Székely et al., 2004; Eberhart-Phillips et al., 2018; Que et al., 2019). 
Black-winged stilts are seasonally monogamous (Cuervo, 2003) and suspected to have balanced adult sex ratio 
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(based on life-history traits and other members of the genus, Robinson & Oring, 1996; Figuerola, 1999), 
suggesting that selection modulates immune strength equally between the sexes, possibly even before reaching 
adulthood (suggested by equal male and female chick mortality, see Eberhart-Phillips et al., 2018). 
4.3 Materials and methods 
 Bird species and sampling locations 
Kentish plovers are small (35–55 g) ground nesting birds that usually breed near seacoasts, but also open, flat, 
scarcely vegetated lands near brackish, saline lakes, lagoons, or seasonal water courses across Eurasia. They 
present small sexual dichromatism during the breeding season, based on males having more striking 
colouration on feathers around the neck and head compared to females (del Hoyo et al., 2020). Black-winged 
stilts share the same breeding habitat that Kentish plover, but stilts are more widely distributed, inhabiting 
areas across the Mediterranean and sub-Saharan Africa to SE Asia and Taiwan. Adult Black-winged stilts may 
present subtle sexual dichromatism, but in the field the sexes are indissociable (Pierce & Kirwan, 2020). 
We captured, ringed, weighed and morphometrically measured breeding birds in two different locations of 
Southern Spain. In Cádiz Bay Natural Park, Puerto Real (permit number: 2019-/2979/4202/Bc/EA 3619), we 
studied Kentish plovers in a 35-ha saltpan during May 2019. The second location corresponded to the largest 
area of rice fields in Spain (36,000 ha) located in a reclaimed marshland behind Doñana National Park (permit 
number: 2011_02 21/02/2012/77), where we studied Kentish plovers and stilts in June and July 2019 during 
the peak of the breeding season. In total, we captured 17 female and 13 male adult Kentish plovers, and 11 
female and 10 male Black-winged stilt chicks (Table 4.1). 
Table 4.1 Measures of immune function in adult Kentish plovers and Black-winged stilt chicks. 
   Agglutination (titre)  Lysis (titre) 
 Sex N Mean Std. deviation  Mean Std. deviation 
Kentish plover males 13 4.63 2.27  0.92 1.14 
 females 17 3.90 2.44  0.96 1.23 
 total 30 4.22 2.36  0.94 1.17 
Black-winged stilt males 10 3.72 2.16  0.27 0.79 
 females 11 4.89 1.49  1.34 1.45 
 total 21 4.33 1.89  0.83 1.28 
 Immune parameters 
From each bird and shortly after capture, we took approx. 60–120 µl of blood from the basilic or jugular vein. 
The samples were momentarily stored cold to then be centrifuged at 7.000 RPM for 10 min to obtain plasma. 
Plasma samples were stored frozen until its analysis. We used a haemolysis-haemagglutination assay (rabbit 
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red blood cells, SB-0009H; ENVIGO) to quantify titres of complement-like lytic enzymes (i.e. lysis) and non-
specific natural antibodies (i.e. agglutination) in plasma (Matson et al., 2005; Hegemann et al., 2012). Scans 
of individual samples were randomised among all plates and scored blindly with respect to sample ID. A 
plasma standard was run in duplicate in all plates. 
Stress of capture has been described to negatively affect immune function (Matson et al., 2006). In 
Kentish plover, the mean time between capture and sampling was 16.6 min (median = 12 min, min = 4, max 
= 48), while Black-winged stilts averaged 14.4 min (median = 14 min, min = 7, max = 26). Our data suggests 
that immune function was unrelated to sampling time in Kentish plovers and Black-winged stilts (Pearson 
correlation, always P-value >0.4; Fig. S4.1). 
 Molecular sexing 
Male and female Black-winged stilt chicks are sexually monomorphic. Molecular sexing was performed 
through amplification of the CHD1 gene using the primers P2550F and P2718R (Fridolfsson & Ellegren, 
1999), following the PCR protocol proposed by dos Remedios et al. (2010). 
 Statistical analysis 
Sexual differences in immunity were tested by running general linear mixed models using the R package nlme 
(Pinheiro et al., 2020). We built separate models for each species. Models for Kentish plovers were fitted with 
Gaussian error distribution, haemagglutination and haemolysis as response variables, and sex as explanatory 
variables. Because nutritional state could relate to immune strength (De Rosa et al., 2015), we also added body 
condition to our model estimated as the scaled mass index (see Peig & Green, 2009). From this model, one 
female and one male were removed because data on wing length was not available. Models of stilts had a 
Gaussian error distribution, haemagglutination and haemolysis as response variables, and sex as explanatory 
variables. Stilt chicks sampled included individuals at different developmental stages, estimated from their 
body mass to be between 11–29 days of age according to Reed et al. (1999). Therefore, we added the variable 
body mass as indicator of chick age (Reed et al., 1999) in the models of this species because developmental 
stage could influence immune capacity (Stambaugh et al., 2011). All models had plate number as random 
effect variable. 
4.4 Results 
All plasma samples kept in good condition, allowing successful analysis. The reaction of the plasma with the 
rabbit blood provided measurable readings. 
Contrary to our hypothesis predictions, we found that adult Kentish plovers showed no sex differences 
in the immune assays, with agglutination titres in males and females Kentish plover of 4.63 and 3.90, 
respectively, and lysis titres nearly identical between the sexes (Fig. 4.1, Table 4.2). Although male Kentish 
plovers had slightly higher haemagglutination titres than females (Table 4.1). Black-winged stilts chicks also 
showed no significant sex differences in agglutination (females = 3.72 and males = 4.89). Again, lysis titres 
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showed no difference between the sexes (Table 4.1 and 4.2), but 8 out of 10 male chicks had no lysis reaction 
(tires equal zero). It is noteworthy that in most cases the standard deviation was rather high, indicating that the 
values were spread out over a wide range. 
 
Figure 4.1 Agglutination and lysis results in female and male (a) adult Kentish plovers (n = 30) and (b) 
Black-winged stilt chicks (n = 21). Medians, upper and lower quartiles are shown. Whiskers indicate 
minimum and maximum values, solid circles are outliers and open circles the raw data. Grey dots represent 
arithmetic means. 
Body condition in Kentish plover and body mass in stilts had no association with haemagglutination 
and haemolysis (Table 4.2). 
Table 4.2 Sex differences in immune function in (a) adult Kentish plovers and (b) Black-winged stilts chicks. 
 Estimate Std. Error T-stat P-value 
a) Kentish plovers (n = 28)     
Haemagglutination assay     
Intercept 4.349 11.829 0.368 0.718 
Sex (male)a 0.635 1.056 0.601 0.556 
Body condition -0.012 0.272 -0.045 0.964 
Random Variance Std. Dev   
Plate 0.574 0.758   
Residual 5.619 2.370   
Haemolysis assay     
Intercept 6.147 5.760 1.067 0.302 
Sex (male)a -0.136 0.529 -0.257 0.801 
Body condition -0.121 0.132 -0.911 0.376 
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Random Variance Std. Dev   
Plate <0.001 <0.001   
Residual 1.485 1.219   
b) Black-winged stilt chicks (n = 21)     
Haemagglutination assay     
Intercept 4.272 1.648 2.592 0.025 
Sex (male)a -1.185 0.825 -1.435 0.179 
Body mass 0.006 0.016 0.397 0.699 
Random Variance Std. Dev   
Plate <0.001 <0.001   
Residual 3.550 1.884   
Haemolysis assay     
Intercept 1.936 0.994 1.947 0.078 
Sex (male)a -0.911 0.502 -1.814 0.097 
Body mass -0.007 0.009 -0.784 0.450 
Random Variance Std. Dev   
Plate 0.301 0.549   
Residual 1.182 1.087   
aRelative to females 
4.5 Discussion 
The present work reports for the first time sex-specific agglutination and lysis assays in Kentish plovers and 
Black-winged stilts. Despite the specific limitations of shorebird fieldwork (described in Székely et al., 2008; 
Székely, 2019), we obtained results consistent with similar prior immune analysis in other bird species (Matson 
et al., 2005; Hegemann et al., 2012; Hegemann et al., 2017). Although Hegemann et al. (2017) showed 
agglutination titres of 11 in non-breeding adult Ruffs (Philomachus pugnax), much higher than in both 
shorebirds here studied. It is interesting that most of male Black-winged stilt chicks had lysis titres close to 
zero (Fig. 4.1). This could either relate to young males of this species having low complement activity (Matson 
et al., 2005), or to a specific problem with the samples taken. But it is unlikely that only male samples were 
compromised given that all samples were handled in the same manner and we were blind to the sex of the 
chicks, even after determining the immune scores. 
One alternative mechanism that could be associated with our findings is the development of immune 
tolerance, i.e. reduce the negative impact of an infection on the host fitness without directly affecting the 
pathogen burden (Medzhitov et al., 2012). Whether these birds choose to invest in costly immune defence to 
generate resistance or withstanding infection while paying a relatively low fitness cost is still to be investigated. 
While our results showed that in adult Kentish plovers, males and females did not significantly differ in 
haemagglutination and haemolysis, recent studies show that these immune parameters seem to respond to 
specific variables in different fashion in males and females, rather than having mere sex differences in their 
titre levels. For instance, Pardal et al. (2018) found a negative correlation between colouration of breeding 
plumage and the immune parameters haptoglobin and haemolysis titres in males but not in females Black-
tailed godwit (Limosa limosa), a long-distance migrant shorebird. Ndithia et al. (2019) found that titres of 
haemagglutination and haemolysis of males varied differently to the change of season (non-breeding period to 
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chick-feeding period) compared to those of females in Rufous-naped larks (Mirafra africana) and Red-capped 
larks (Calandrella cinereal). The latter study agrees with the results of Valdebenito et al. (in review), that 
showed that changes in males drove most of variations in sex biases in immunity in response to the transition 
from non-breeding to the breeding period in birds. 
As our hypothesis was based on the ability of animals to recover from traumatic injuries (such as tissue 
damage), we cannot rule out possible sex differences in other immune parameters such as the antimicrobial 
activity test that could potentially provide different results because is more involved in wound repair (French 
& Neuman-Lee, 2012). 
Black-winged stilts followed our expectations, showing no differences between the sexes and thus are in line 
with previous work in monogamous birds. However, a few other studies do show sex differences in 
monogamous bird species. Notably, Lee et al. (2006) found that male House sparrows (Passer domesticus) 
had stronger inflammatory response to phytohaemagglutinin (PHA) injection than females. Although House 
sparrows are monogamous birds, they present strong sexual dichromatism and males show intense aggressive 
behaviour towards other males (Summers-Smith, 1963). However, it is important to point out that PHA triggers 
an inflammatory and immune response in the host while we measured baseline immune function. Nevertheless, 
this suggests that perhaps variables other than mating system may be better predictors of intra-sexual agonistic 
behaviour in birds. 
It is well-known that immune parameters may respond in different manner to different variables, and likewise 
in different species. For example, Palacios et al. (2018) found that cellular immunity was at its highest during 
breeding but humoral immunity peaked during moulting in Chinstrap penguins (Pygoscelis antarcticus). 
Although we did not find significant differences in either of the immune parameters, in both bird species the 
haemagglutination assays showed small sex differences. Detecting such small differences could be difficult 
with relatively small sample sizes because we risk incurring in type II error (Di Stefano, 2003). Future 
approaches should take this methodological limitation into consideration. 
Body condition was included in the analysis of Kentish plovers to account for the effect of nutritional state 
because poor nutrition in animals could compromise immunity (e.g. Klasing, 2004; Hegemann et al., 2013; De 
Rosa et al., 2015; Childs et al., 2019). Energy is a limited resource, suggesting that animals should carefully 
allocate energy into traits that will maximise fitness (Sheldon & Verhulst, 1996). At the same time, nutrition 
has functional means in the organism because a minimal energy level is required to maintain baseline systemic 
functions such as reproduction or immune function (Hughes & Kelly, 2006; Rytter et al., 2014; Schorr & 
Miller, 2017). The latter should not affect our analysis because we studied breeding birds thus we could assume 
body condition was within the healthy range. Our results suggest that the immune function neither improve 
nor deteriorate in response of variations in body condition. Nilsson et al. (2007) found similar results in a study 
in Great tits (Parus major) that experimentally challenged birds with an antigen, yielding a small increase in 
Immune function in two shorebirds | Chapter 4 
 59 
baseline metabolic rate compared to control birds, but the magnitude of the immune response of each 
individual did not match their increase in metabolic expenditure. 
It has been shown that immunity of birds at hatching is not fully developed and it matures towards 
adulthood (Stambaugh et al., 2011). Although the body masses in Black-winged stilts chicks showed a 
relatively homogeneous gradient in development stage (Fig. S4.2) (Reed et al., 1999), this variable was not 
related to either natural antibodies or complement. Thus, our results suggest little variation in immune capacity 
in relation to developmental stage in chicks of this species, but our sample size was rather limited and adult 
birds were not considered as reference. 
In conclusion, our results are encouraging and suggest that agglutination and lysis assays could provide reliable 
results for the study of innate immune function in shorebirds. This despite limitations of the field, particularly 
associated with high environmental temperatures and relatively long trapping times (compared with captures 
from nest boxes), that could alter the results of these two immune assays. On the other hand, our results do not 
support our predictions based on intra-sexual aggression. However, our experimental designed by no means 
would allow refute or validate such hypothesis. Also, the variety of mechanisms the immune system may rely 
on to effect its defensive function add important layers of complexity when attempting to draw conclusions. 
Moreover, mating systems is an important life history trait that influences many other variables in animals but 
could possibly lack consistency when predicting intra-sexual agonistic behaviour between species. Perhaps, 
augmenting the sample size could be of help since detecting small differences require higher statistical power. 
Also, testing this in a wider range of species could help ample the perspective of the underlying patterns. We 
believe that this topic (influence of mating system on immune defence) deserves more attention because, even 
though we did not find consistent support, mating system variation influences life histories of animals and thus 
thought to importantly relate with sex-specific mortality (Promislow et al., 1992; Owens & Bennett, 1994; 
Liker & Székely, 2005; Székely et al., 2014). Future studies addressing this question would benefit from 
including parameters that assess baseline immune function (e.g. bactericidal ability) and from experimentally 
measuring immune responses (e.g. PHA test, injection with lipopolysaccharide) in order to further detail 
mechanisms included in injury repair. 
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4.7 Supplementary material 
 
Figure S4.1 Capture-to-sampling time in relation to levels of agglutination and lysis titres in a) adult Kentish 
plovers and b) Back-winged stilt chicks. 
 
 
Figure S4.2 Frequency distribution of body mass in Black-winged stilt chicks. 
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Chapter 5 | Sex-specific brain immune gene 
expression in a small shorebird 
José O. Valdebenito, Kathryn H. Maher, Gergely Zachar, Qin Huang, Árpád Dobolyi, Zhengwang Zhang, 
Larry J. Young, Tamás Székely, Pinjia Que, Yang Liu, Araxi O. Urrutia 
This paper reports on original research I conducted during the period of my Higher Degree by Research 
candidature 
5.1 Abstract 
Sex differences in morphological and behavioural traits in animals have been attributed to the Darwin-Bateman 
paradigm that proposes the emergence of costs and benefits specific to males and females, that often culminate 
in different mortality rates between the sexes. While the proximate causes of these sex differences in mortality 
may be diverse and frequently unknown, the immune system could directly influence individual survival 
because it is the main defence mechanism against pathogen infection, as well as maintaining a good cognitive 
ability (i.e. awareness of the surroundings) since could take part in predation risk in the wild. Here, we study 
the expression of immune genes from the brain in two populations of Kentish plovers (Charadrius 
alexandrinus), one from a coastal environment and the other from an extreme inland environment at high 
altitude, possibly exposed to difference pathogen pressures. Previous studies showed that Kentish plovers have 
female-biased mortality rate, thus we predicted that (i) males should present a higher number of immune 
system upregulated genes compared to females, and that (ii) immune gene expression should differ between 
coastal and inland breeders. Our results support the first expectation since immune gene expression was male-
biased. However, we did not find expression difference in immune genes between coastal and inland habitats. 
Taken together, the sex different immune gene expression is consistent with expectations and thus match the 
direction of the known sex bias in mortality observed in many Kentish plover populations (female-biased). 
Nevertheless, more studies are needed to uncover the complex relationships within neuroimmunology and how 
it might influence sex-specific bird survival. 
 
Keywords: sex-biased gene expression, avian immunity, RNA-Seq, brain, mating system 
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5.2 Introduction 
Males and females often differ in numerous behavioural, morphological, and physiological aspects, which 
constitute a central theme in many scientific disciplines, including psychology (Eagly & Wood, 1999), 
medicine (Morrow, 2015), and biology (Andersson, 1994). The origin of these differences has been attributed 
to the Darwin-Bateman paradigm, which postulates that anisogamy imposes stronger sexual selection on 
males, which, in turn, drives the evolution of conventional sex roles in terms of female-biased parental care 
and male-biased sexual dimorphism. These sex differences may ultimately contribute to different mortality 
events between males and females, often observed in wild animals. 
The nervous system coordinates an animal’s actions and sensory information by transmitting signals to 
and from different parts of its body, with the brain being the organ that serves as its centre in all vertebrate 
animals. Sex differences in neurodegenerative diseases are well described in humans. For example, in 
Alzheimer disease, women show faster rates of brain atrophy than males (Ferretti et al. 2018). In non-human 
and wild animals this topic is significantly less explored, but evidence shows important sexual dimorphism in 
terms of brain gene expression (Yang et al., 2006; Naurin et al., 2011; Catalán et al., 2012; Sharma et al., 2014; 
Rotllant et al., 2017), although sex differences in immune components of the central nervous system are rarely 
mentioned. 
The immune system is the main defence mechanism of an animal’s organism against bacterial, viral 
and/or other microorganismal pathogens that can cause damage to the host. Bacterial and viral infections can 
be lethal, while other pathogens, like parasites, are better known for indirectly contributing to mortality by 
weakening the host and thus becoming more prone to predation (Genovart et al., 2010; Ingram et al., 2013; 
Adelman et al., 2017). In the nervous system, immune function seems to be under even stronger regulations 
since an insufficient response results in infection, whereas an excessive response results in prolonged 
inflammation and tissue damage (Kawli et al., 2013). Also, immune factors in the brain seem to serve a variety 
of non-immunological functions (Derecki et al., 2010; Radjavi et al., 2014). Many variables may influence 
immune response. Some of these include abiotic factors such as environmental variables that seem to indirectly 
modulate specific immune parameters of the host in response to environmental pressures exerted by pathogens 
and disease vectors that are expected to vary according to the given conditions of environmental productivity 
(Young et al., 1993; Pascual et al., 2002). For example, birds that inhabit in the tropics seem to upregulate 
aspects of their immune function in the wet season, presumably as defence mechanism against increased 
pathogen pressure that emerged from increased rainfall (Nwaogu et al., 2019; Tieleman et al., 2019). Sexual 
differences in immune defence are well described in birds, although, studies show substantial heterogeneity in 
their results. In a meta-analysis, Kelly et al. (2018) found that birds lacked overall sex differences in immunity 
when combining different age classes and immune parameters together, while a recent multi-species study 
showed that sex differences in immune defence in adult birds are more likely to appear during the breeding 
period (Valdebenito et al., in review). Thus, previous evidence shows that sex differences in immunity do exist 
Immune gene expression in Kentish plover | Chapter 5 
 66 
in nature, but predicting when such differences are likely to arise, as well as the direction of the skew, has 
proven challenging to anticipate. 
The Kentish plover (Charadrius alexandrinus) is a small shorebird distributed along coastal and inland 
waterbodies across Europe, North Africa and Asia (del Hoyo et al., 2020). Kentish plovers have the 
particularity of presenting a variable mating system throughout its range which provides ideal circumstances 
to study mating system evolution (Székely, 2019). In general, mainland populations of Kentish plover are 
polyandrous and are characterised by presenting a balanced hatching sex ratio (close to 1:1) but a male-biased 
adult sex ratio, i.e. there are more males than females in the adult population (Eberhart-Phillips et al., 2018; 
Que et al., 2019). Sex-specific mortality is arguably the main cause of biases in adult sex ratio in birds (Székely 
et al., 2014b) and accordingly, Eberhart-Phillips et al. (2018) showed that both female-biased chick and adult 
mortality contributed substantially to the observed male bias in adult sex ratio in Kentish plovers from Turkey. 
Previous research addressing sex-specific parasite burden suggests that the answer may lay elsewhere as adult 
males and females show little to no difference in infection rates (Figuerola et al., 1996; Martínez-de la Puente 
et al., 2017; Valdebenito et al., 2020). On the other hand, aspects of the innate immunity also show little sex 
differences (Valdebenito et al., unpublished data). However, Valdebenito et al. (unpublished data) only 
evaluated the haemagglutination and haemolysis assays which represent a small proportion of the whole 
immune spectrum. In fact, this is the main caveat of “traditional” immune assays in ecology. In contrast, 
genomic methods provide a major advantage in this matter because it offers a broader scope by not only 
identifying genes involved in immune responses but also in important complementary processes such as 
inflammation. 
In this study, we use information based on life history traits in order to predict possible sex differences 
in immunity of the brain in Kentish plover. We analyse transcriptome data produced in the work of Maher et 
al. (in preparation), consisting of sex-specific gene expression of brain tissue from two breeding populations 
of Kentish plover from two contrasting environments: one coastal and the other from the Tibetan plateau at 
3,200 meters above sea level. From these data, we specifically selected genes involved in immune processes 
(according to gene ontology; GO) with the aim of evaluating sex differences in expression of immune genes, 
since sex differences in immunity could provide protection of the central nervous system and preserve 
cognitive ability (Ham & Lee, 2020), which in turn could benefit longevity. 
Based on the bird’s life history, i.e. sex-biased adult sex ratio and mortality, we expect males to have 
higher expression of immune related genes than females. Additionally, because the two populations studied 
were from different environments, we expected differences in immune gene expression between the 
environments based of possible differences in pathogen pressure. 
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5.3 Materials and methods 
 Sampling 
Samples from 6 male and 6 female breeding Kentish plovers were collected from two populations with 
contrasting environments (Fig. 5.1): Bohai Bay at sea level (39° 7'6.22"N, 118°11'49.84"E; more details of 
the site are described in Que et al., 2015), and Qinghai Lake at 3,200 m above sea level (36°45'56.86"N, 
100°43'21.68"E), in China. Fieldwork was conducted during the breeding period in May 2015, capturing 
incubating adults on the nest followed by morphometric measurements according to a standard protocol (see 
Székely et al., 2008). Lastly, to obtain blood and brain tissue, the birds were sacrificed conforming to the 
regulations of ethical conditions by the Chinese Animal Welfare Act (20090606), and of the Animal Welfare 
& Ethical Review Body of the University of Bath and the Institutional Ethical Committee of Animal 
Experimentation of Sun Yat-sen University (2005DKA21403-JK). This study did not involve endangered or 
protected species. 
Tissue samples were collected for four brain regions: the hypothalamus, medial extended amygdala, 
nucleus accumbens and septum. Samples were dissected by first cutting the brain coronally using a stainless-
steel rat brain matrix to standardise the rostrocaudal extent of the tissue slab sampled, and then individual 
regions were dissected by hand under a portable dissection microscope. Brain regions were identified on the 
basis of the chicken brain atlas (Puelles et al., 2018). The Kentish plover brain differs from the chicken, so 
anatomical landmarks visible in wet brain tissue were used to define the approximate borders of the dissections. 
The thickness of the slabs were cca. 1 mm. Brain tissue was stored in RNAlater (Qiagen). Samples were kept 
cold in the field using either liquid nitrogen or cold blocks, with samples transferred to standard freezers at the 
end of each day. Upon return from the field samples were stored at -80°C prior to RNA extraction. The 
hypothalamus sample of Female 1 from Bohai Bay was excluded from this study due to differences in tissue 
sampling in the field. 
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Figure 5.1 Sampling locations of Kentish plover in China. m.a.s.l. stands for meters above sea level. 
 RNA extraction and next generation RNA sequencing 
RNA extraction and sequencing was performed by Novogene Beijing. 1% 202 agarose gels were used to 
monitor RNA degradation and contamination. The purity of the RNA was assessed using a NanoPhotometer 
spectrometer (IMPLEN, CA, USA). RNA concentration was then measured using a Qubit RNA Assay Kit in 
a Qubit 2.0 Flurometer (Life Technologies, CA, USA). RNA Nano 6000 Assay Kit with the Agilent 
Bioanalyzer 2100 system was used to assess RNA integrity. Sequencing libraries were prepared using 3μg 
RNA per sample and generated using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB, 
USA), following manufacturer’s recommendations with index codes added to allow identification for each 
sample. After cluster generation, which was performed on a cBot Cluster Generation System using TruSeq PE 
Cluster Kit v3-cBot-HS (Illumina), sequencing was performed on the library preparations on an Illumina 
HiSeq platform to generate paired-end reads with a fragment length of 300-500bp and an average paired end 
length of 150bp. Illumina sequencing resulted in 519,551,504 of raw paired-end reads sequenced in total for 
all samples. 
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 Transcriptome profile annotation 
Raw sequenced reads were cleaned using Novogene perl scripts. After cleaning, 506,421,928 of reads were of 
sufficient quality to align to the Kentish plover genome (Wang et al., 2019a). We discarded low quality and 
poly-N reads as well as reads containing adapters. All further analysis was performed on these high-quality 
reads. Cleaned reads were aligned to the Kentish plover genome using Tophat2 v2.0.14 (Kim et al., 2013) with 
an average insert size of 100 bp and 120 bp SD, and otherwise default parameters. Tophat outputs were cleaned 
using Samtools v1.2 (Li et al., 2009) to remove multi-mapped reads, unmapped reads and unmapped mates (-
q 10, -F 12). A total of 253,809,249 reads were mapped in pairs to the Kentish plover genome. Raw read counts 
were extracted from cleaned Tophat outputs using HTSeq-count v0.6.1 (Anders et al., 2015). 
 Differential expression analysis 
The analysis of differential gene expression was performed between the sexes and populations using EdgeR 
(Robinson et al., 2010) statistical package for R version 3.3.2 (R Core Team, 2016). All four brain tissue 
regions were pooled together for analysis. Clustering was performed using the “plotMDS” function (EdgeR 
package) after filtering to remove genes that had below 3 counts per million mapped reads (CPM) in at least 5 
samples, and then normalising and calculating dispersions, further details below. 
Differential expression analysis was performed on two different groupings of the dataset. The dataset 
was grouped together, first, regardless of population and then of sex, in order to calculate sex biases in gene 
expression and differences between environments (from Bohai Bay and Qinghai Lake), respectively. Genes 
were filtered and removed if they had below 3 CPM in at least 12 samples (11 samples for hypothalamus) for 
sex in the first set of analyses. For the next analyses, genes were filtered and removed if they had below 3 
CPM in at least 6 samples (five samples, for hypothalamus analysis of female population-biased genes and 
analysis of Bohai Bay). Read counts were normalised using the trimmed mean of M-values (TMM). Dispersion 
was calculated using the “estimateDisp” function. 
 Gene ontology term annotation and enrichment analyses 
Gene ontology (GO) enrichment analysis was performed on differentially expressed genes with a false 
discovery rate (FDR) <0.05. GO terms were obtained by blasting Kentish plover proteins against the RefSeq 
protein database using BLASTP v.3.2.0+, with an E-value of 1e-5 (Altschul et al., 1990). GO terms were then 
extracted using Blast2GO software v.4.1.9 (Götz et al., 2008) and then merged with GO terms obtained from 
InterProScan v.5.25 (parameters: -f xml, -goterms, -iprlookup) (Jones et al., 2014). GO categories were then 
split into groups associated with “biological processes”, and then the subcategory “immune system process”. 
GO categories with fewer than 50 genes were grouped into a single “small” category and genes without 
annotation were labelled in a “unannotated” category. 
Enrichment analysis was conducted on up regulated and down regulated genes separately, with each 
up/down regulated gene counted for each category and comparing this to the expected number of genes per 
GO category. The expected number of genes per GO was calculated using 1,000 equally sized random samples. 
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The mean and the standard deviation were used to calculate Z-scores and P-values in order to establish 
significance and a Benjamini-Hochberg correction applied to adjust for multiple comparisons. Significant 
over-representation of GO terms was assumed if the adjusted P-value was <0.05. GO categories where the 
expected number of genes were less than one were only classified as significantly enriched if the observed 
number of genes was higher than one. GO enrichment analysis was based on methods used in Castillo-Morales 
et al. (2014). 
 Sex-biased gene expression 
To compare if the distribution of male- or female-biased genes on the autosomes or Z chromosome were 
different than we would expect by chance we first assigned genes from the GFF file to chromosomes from the 
genome scaffold file using the “subsetByOverlaps” function in the GenomicRanges package in R (Lawrence 
et al., 2013). We then calculated 1,000 randomly selected gene sets of the same size as the number of male- 
and female-biased genes. Mean values and standard deviations for number of autosomal or Z chromosome 
genes expected to be found by chance were calculated and converted to Z scores. P-values were then calculated 
using the R function “pnorm” as a one-tailed test. 
As this overrepresentation is likely to be the result of the fact that the avian Z chromosomes do not have 
an equivalent mechanism of X inactivation as that found in mammals, we re-assessed male-biased gene 
expression patterns on the Z chromosome correcting for the effect of dose by setting a log2FC cut off of ≥ 1. 
Although introducing this threshold reduced the number of male-biased Z-linked genes, the numbers were still 
higher than total female-biased genes. This had no effect on GO enrichment analysis, as we found no 
overrepresentation of any functional category for male-biased Z-linked gene either before or after correction. 
 Sex- and population- specific gene expression 
To examine whether there was a difference in the proportion of sex- and population-biased genes, Chi-squared 
tests were used. We then looked at whether there was a difference between males and females in the proportion 
of sex-biased genes using Fishers exact tests. This was repeated but comparing the proportions of genes 
differentially expressed from Bohai Bay and Qinghai Lake. Finally, we examined whether the proportion of 
male- or female-biased genes found on the autosomes or Z chromosome were different between populations 
using Fishers exact tests. 
5.4 Results 
From a total of 14,892 genes expressed corresponding to 95% of Kentish plover annotated genes, we identified 
403 genes associated to immune processes according to Gene Ontology biological process annotations (GO 
database http://geneontology.org/), corresponding to 2.71% of all protein coding genes. 
Differential gene expression analyses identified 13 (3.26%) immune system sex-biased genes. From these, 
most exhibited male sex-biased expression with eleven male-biased genes versus only two genes were female-
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biased (Fisher’s exact test, P-value = 0.021, Table 5.1; Fig. 5.2a). Both female biased genes were involved in 
T-cell upregulation, consistent with a role in the activation of adaptive immunity. Male-biased genes are 
involved in the activation of various components of the immune system (details in Table S5.1). 
Eight out of 11 male-biased genes were linked to the Z chromosome and one gene had an unknown 
chromosomal location. In the two female-biased genes, one was linked to the autosomes and the other belonged 
to an unknown chromosomal location (Table S5.1). 
 Comparing gene immune system gene expression profiles across the two environments, we found 25 (6.20%) 
highly expressed genes either in Bohai Bay or Qinghai Lake (Fig. 5.2b), but no differentially expressed genes 
were identified between the two environments (Fisher’s exact test, P-value = 0.685). The majority of 
upregulated genes, however, were found in birds from Bohai Bay (Table 5.1). 
Table 5.1 Biases in immune gene expression according to (a) sex and (b) habitat in brain tissue of Kentish 
plover (n = 6 males and 6 females) and results of Fisher’s exact test. 
a) Sex biases Up males Up females P-value 
Total of immune genes = 403 11 2 0.021 
b) Habitat biases Up Bohai Bay Up Qinghai Lake P-value 
Total of immune genes = 403 14 11 0.685 
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Figure 5.2 Biases in immune gene expression in brain tissue in Kentish plover. a) Shows sex-specific 
immune gene expression, and b) immune expression bias in relation to habitat. Genes with FDR >0.05 are 
coloured grey (below horizontal dashed line). 
5.5 Discussion 
In the present study we showed that, in Kentish plover, immune gene expression profiles from four brain areas 
differed between males and females, but no significant differences were identified between coastal and inland 
environments. Several recent studies have addressed aspects of immune defence using transcriptomic tools in 
birds (e.g.Videvall et al., 2015; Scalf et al., 2019; Videvall et al., 2020). This field is ripe for further expansion 
since despite the growing importance of sex-specific research across disciplines (Wilson, 2020), only Wang et 
al. (2019b) explored the impact of sex differences in captive Eurasian magpies (Pica pica), finding from blood 
samples important sex biases in expression of genes related to stress resistance, immunity, energy metabolism, 
reproduction, lifespan regulation, and diseases. Suggesting that females might be more susceptible to stress 
but have better immune defence than males, which contrasts our findings of males showing higher immune 
expression than females, although we did not evaluate expression of stress-related genes. However, to our 
knowledge, no previous study has investigated sex differences in expression of immune genes in the brain of 
wild birds, and we do acknowledge that tissue type determines profiles of gene expression (e.g. Watson et al., 
2018), as well as noting that gene expression at the RNA level might not always correlate to actual protein 
levels (Mayfield et al., 2016), though several studies have shown good correlation between mRNA and protein 
concentrations (Lu et al., 2007; Li et al., 2014). 
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Causes of sex differences in mortality are source of constant expectations based on known sex differences in 
parasite burden, parental care, mating system, adult sex ratio (Moore & Wilson, 2002; Liker & Székely, 2005; 
Székely et al., 2014a). Because of the relevant role of the immune system in pathogen defence, it comes logical 
to propose strength of immune defence (or the lack of it) as another possible cause of mortality in the wild 
(Hegemann et al., 2013; Minias et al., 2018). However, not until recently, direct evidence for this associations 
were scarce. Froy et al. (2019) in a thorough study in a wild mammal showed for the first time that aspects of 
the immune system and its deterioration during natural aging accurately predicted overwinter survival in Soay 
sheep (Ovis aries). Although in birds, current research has not been able to reach such advanced point, our 
study modestly contributes in that direction. Previous studies in Kentish plover have shown that continental 
populations tend to have either sex biases in mortality or adult sex ratio (Lessells, 1984; Eberhart-Phillips et 
al., 2018). In the wild, most avian mortality events could be attributed to two broad causes: (i) mortality by 
disease and (ii) predation. The immune system should be of relevance in both instances because an animal 
needs to be in optimal physical condition (i.e. disease-free) in order to successfully scape from predators. 
Previous studies show that Kentish plover and allies have an apparent advantage in resisting blood parasites 
because of their consistent absence independently of the environment and vector abundance (Figuerola et al., 
1996; Martínez-de la Puente et al., 2017). Interestingly, Valdebenito et al. (2020) and Halimubieke et al. (in 
preparation) found slim sex differences favouring females in cloacal prevalence of Campylobacter, 
Salmonella, and Chlamydia, and in cloacal bacteria diversity in Kentish plover, respectively. Although the 
immune-microbiome interaction is not yet well understood, perhaps female Kentish plovers have higher 
immune tolerance which allow them to have higher pathogen burdens without detrimental health effects 
(Medzhitov et al., 2012). Whether this is related to sex-specific survival is still unknown and requires further 
studies. 
Despite rapid advances in genome sequence assembly and mapping tools, the exact location of many genes 
still remains unknown. We found that most male-biased genes were located on the Z chromosome which is in 
accordance with predictions of lack of complete dosage compensation in birds (Heard & Disteche, 2006; Itoh 
et al., 2007). However, the small number of sex-biased genes found prevents us from generating further 
conclusions. 
Overall, our results show that the immune gene expression in the brain in the coastal environment is similar to 
the one inland in the Tibetan plateau. Two possible conclusions could be drawn from this. First, it may suggest 
that despite their extreme difference, the pathogen pressure in both environments were similar. Second, and 
more likely, the lack of differences between the environments may result simply because the birds only visit 
these sites to breed, consisting of a short 3-month window. Although the immune system of vertebrates has 
shown relatively quick adaptations to new environmental conditions (i.e. pathogen pressure) (Lindström et al., 
2004; Peuß et al., 2020), a 3-month period over several generations is presumably too brief to generate 
considerable immune adaptations. Kentish plovers that breed in mainland China are believed to winter in the 
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southern limits of the country and Southeast Asia (MacKinnon et al., 2000), where they aggregate in large 
groups, sometimes with other shorebirds. 
Despite the brain being a highly specialised tissue, we found comparable numbers of immune genes 
with previous studies. Wang et al. (2019b) found 395 genes related to immunity from blood in male and female 
Eurasian magpies, similar numbers to our findings that identified 403 immune genes. Although, it cannot be 
discarded that a proportion of the genes here detected belonged to blood imprisoned within the brain tissue, 
since the brain is among the organs with highest blood supply in the body. Also, it is known that some immune 
components serve non-immunological functions in the brain such as a role in memory of T lymphocytes in 
rats (Radjavi et al., 2014). 
The use of genomic methods is a convenient approach for addressing a wide range of specific questions. 
However, it is necessary to employ careful interpretation because often single genes have many biological 
functions (Table S5.1). Here we showed that sex but not environment has an effect on immune gene expression 
in Kentish plover, although the latter needs further revisions. We believe that our results, although subtle, may 
represent the first approach into understanding proximate causes of sex-specific mortality. We are aware, 
however, that sex-specific mortality can be multifactorial and in order to determine whether sex differences in 
immune defence affect survival testing specifically for these associations is required. Further studies should 
emphasise on this approach. 
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5.7 Supplementary material 
Table S5.1 Genes upregulated by sex in Kentish plover and its function according to Gene Ontology (GO) in 
birds. 




Main immune functions Other biological functions 
CHAAL00000003424 Females Autosome -Macrophage activation 
-T-cell differentiation in thymus 
-Erythrocyte development 
 




CHAAL00000001967 Males Autosome -Activation-induced cell death of 
T cells 
-Negative regulation of apoptotic 
process 
-Positive regulation of apoptotic 
process 
-T-cell differentiation in thymus 









-Mitotic cell cycle checkpoint 











protein targeting to membrane 
 
CHAAL00000002488 Males Z 
chromosome 





CHAAL00000002733 Males Z 
chromosome 
-Immune response -Regulation of transcription, 
DNA-templated 
-Transcription from RNA 
polymerase II promoter 
-Circadian rhythm 
CHAAL00000006967 Males Not assigned -Fc-epsilon (IgE) receptor 
signalling pathway 
 
CHAAL00000007024 Males Z 
chromosome 
-Leukocyte tethering or rolling  
CHAAL00000007046 Males Z 
chromosome 
-Haematopoietic progenitor cell 
differentiation 
 
CHAAL00000008335 Males Autosome -Erythrocyte development  
CHAAL00000012274 Males Z 
chromosome 
-Innate immune response 
-Negative regulation of viral 
transcription 
-Positive regulation of NF-
kappaB transcription factor 
activity 
 
CHAAL00000012457 Males Z 
chromosome 
-Epidermal cell differentiation 
-Negative regulation of cell 
proliferation 
-Canonical Wnt signalilng 
pathway 
-Cellular response to growth 
factor stimulus 
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-Negative regulation of cysteine-
type endopeptidase activity 
involved in apoptotic process 
-Negative regulation of 
heterotypic cell-cell adhesion 
-Negative regulation of 
interleukin-8 biosynthetic process 
-Negative regulation of NF-
kappaB transcription factor 
activity 
-Negative regulation of response 
to cytokine stimulus 
-Positive regulation of nitric oxide 
biosynthetic process 
-Positive regulation of 
transcription regulatory region 
DNA binding 
-Stem cell population 
maintenance 
 
-Cellular response to laminar 
fluid shear stress 
-Epidermis morphogenesis 
-Fat cell differentiation 
-Negative regulation of cell 
migration involved in sprouting 
angiogenesis 
-Negative regulation of 
chemokine (C-X-C motif) ligand 
2 production 
-Negative regulation of 
transcription from RNA 
polymerase II promoter 
-Positive regulation of cellular 
protein metabolic process 
-Positive regulation of 
haemoglobin biosynthetic 
process 
-Positive regulation of telomerase 
activity 
-Positive regulation of 
transcription from RNA 




-Regulation of axon regeneration 
-Response to retinoic acid 
-Transcription from RNA 
polymerase II promoter 




-B-cell receptor signalling 
pathway 
-Germinal centre formation 
-Humoral immune response 
-Monocyte differentiation 
-Platelet formation 
-Positive regulation of B-cell 
proliferation 
-Regulation of germinal centre 
formation 
-Regulation of megakaryocyte 
differentiation 
 
CHAAL00000013158 Males Z 
chromosome 
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6.1 Supplementary material 
 
Figure S6.1 Searching parameters and PRISMA scheme followed to obtain publications used in analysis. 
PRISMA scheme using ISI Web of Science (Sept 2019):  
Database: Zoological Record 
SUBJECT DESCRIPTORS: (Aves OR Birds)  
AND TOPIC: (paramet* OR profil* OR leu* OR lym* OR immun* OR (H:L OR H/L) OR blood) 
OR TOPIC: (PHA OR Phytohaemagglutinin) OR (BKA OR "bacteria-ki lling assay") OR (RRBC OR 
HLHA OR "Hemagglutination" OR "hemolysis")  
AND TOPIC: (sex*)  
OR TOPIC: (male* AND female*)  
NOT TOPIC: (poultr* OR chicken* OR broiler* OR caged) 
Refined by: ORGANISMS: (AVES) AND [excluding] DOCUMENT TYPES: (BOOK CHAPTER OR 
BOOK OR MEETING) 
Timespan: All years
Outcome: 8,056 for inspection based on title and abstract
7307 documents discarded due to: 
• Not in birds 
• Not in adults 
• Not an immune study 
• Domesticated species 
• Experimentation or manipulation (medication, in fection, etc) 
• Review articles
749 full texts assessed for further eligibility
44 Publications included in final analysis 
• 35 for cellular immunity 
• 12 for immune response
705 documents discarded due to: 
• Adult and non-adult combined 
• Males and females combined, or only one sex analysed 
• Raw values (means, variance or sample size) not provided in 
main text nor upon request 
• No relevant immune data 
• All seasons combined (breeding and nonbreeding) 
• Not in wild birds (in captivity or semi-natural enclosures)
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Figure S6.2 Phylogenetic trees used in meta-analyses and MCMC generalised linear mixed models. H/L 
ratio = heterophils/lymphocytes ratio. s refers to number of species. 
Reference list of studies included in the meta-analysis 
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Table S6.1 Breeding status and time from capture to blood sampling in studies investigating cellular immunity (WBC). 
Reference 
number 
Species Breeding status Breeding status Stated capture-sampling time 
1 Larus fuscus Breeding Captured at nest during breeding season Not specified 
2 Zonotrichia leucophrys Breeding Captured pairs with mist nets near the nest during breeding season. Breeding status 
confirmed with behavioural observations 
Within 3 mins after capture 
3 Aphelocoma coerulescens Breeding Not specified; sampled during the breeding season. Inferred by capture date Within 1 min after capture 
4 Morus bassanus Breeding Captured at nest during breeding season Immediately after capture 
5 Hirundo rustica Breeding Captured at the gate of breeding colony (in stables) Not specified 
6 Haemorhous mexicanus Breeding Not specified; sampled during the breeding season. Inferred by capture date Immediately after capture 
7 Charadrius falklandicus Non-breeding Captured with cannon net to non-breeding birds outside the breeding season 10–232 min, mean = 105.2 (SD = 56.7) 
8 Phaethon rubricauda 
Sula leucogaster 
Breeding Captured at nest during incubation and chick rearing Within 3–10 mins after capture 
9 Eudyptes chrysocome 
chrysocome 
Breeding Captured during incubation Within 3 mins after capture 
10 Larus michahellis Breeding 
Non-breeding 
Captured at nest for breeders 
Captured outside the breeding season for non-breeders 
Not specified 
11 Calonectris diomedea Breeding 
Non-breeding 
Captured at breeding colony 
Divided in breeders and sabbaticals (non-breeders) 
Not specified 
12 Chloephaga picta leucoptera Breeding Captured during chick rearing with whoosh nets Not specified 
13 Vireo olivaceus Breeding Captured by mist-netting during the breeding season Within 30 mins after capture 
14 Parus major Breeding Captured from nest boxes during the breeding season Not specified; stated: “at capture” 
Seasonal changes in immunity | Chapter 6 
 98 
15 Alauda arvensis Breeding 
Non-breeding 
Captured breeding birds 2006–2009 
captured birds at moulting, autumn migration and wintering 2007–2008 
Within 2–35 min, median = 5 min 




Captured at different times of the year. The last one corresponding to post-breeding, 
dispersal and start of autumn migration 
Not specified 
17 Spinus tristis Breeding Mist nets by feeders in breeding grounds. Birds were determined as breeders based on 
bill and plumage colours 
Within 60 mins after capture 
18 Parus major Breeding Captured at nest boxes during breeding Not specified; stated: “at capture” 
19 Poecile cinctus Breeding Captured at nest boxes during breeding Not specified 
20 Parus major Non-breeding Captured with mist nets by feeders in winter Within 1 min after capture 
21 Larus marinus Breeding Captured at nest in breeding colony Not specified; handling time and lymphocyte 
levels not correlated P-value = 0.34 
22 Locustella luscinoides Non-breeding Captured with mist nest post breeding and beginning of dispersal and migration Not specified 
23 Carduelis carduelis Breeding Captured during breeding season. Presence of brood patch or cloacal protuberance  Not specified 
24 Cardinalis cardinalis Breeding Captured during breeding season. Presence of brood patch or cloacal protuberance Not specified 
25 Cygnus columbianus Non-breeding Captured during moulting in the breeding grounds, previous start of migration Not specified 
26 Pygoscelis antarcticus Breeding Captured at nest in breeding colony Not specified 
27 Larus ridibundus Non-breeding Captured in non-breeding grounds (Spain) Not specified 
28 Empidonax traillii extimus Breeding Captured during breeding season. Presence of brood patch or cloacal protuberance Not specified 
29 Pygoscelis antarcticus Breeding 
Non-breeding 
Captured by hand at the nest during nesting for breeders and later at moulting for non-
breeders 
Not specified 
30 Hirundo rustica Breeding Captured using mist nets when arriving to breeding site and then during check rearing Not specified 
31 Falco tinnunculus Breeding Captured at nest boxes during breeding season Not specified; stated: “at capture” 
32 Cyanoliseus patagonus Breeding Captured at nests on cliffs during breeding season Within 30 mins after capture 
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33 Somateria spectabilis Breeding Captured at the onset of nesting during breeding season Not specified 
34 Forpus passerinus Breeding Captured at nest boxes or using mist nets close to nests Not specified 
35 Alle alle Breeding Captured at nest in the colony (stated that only took breeding adults) Within 3 mins after capture 
 Species breeding period was assumed according to del Hoyo et al. (2019) Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. 
 
Table S6.2 Breeding status in studies investigating immune function. 
Reference 
number 
Species Breeding status Breeding status 
1 Larus fuscus Breeding Captured at nest during breeding season 
2 Cepphus grylle Breeding Captured when leaving nest in burrows in breeding colonies 
3 Plocepasser mahali Non-breeding Captured at nest during breeding season; breeders were discarded after behavioural observations 
4 Calonectris diomedea Breeding Captured by hand on their nests during the incubation, in colony 
5 Tachycineta bicolor Breeding Captured from nest boxes during breeding season 
6 Passer montanus Breeding Captured with mist nets and breeding status determined by anatomy and behaviour 




Captured during the breeding season; only using older birds (according to plumage) to ensure they got a mate 
Recaptured outside the breeding season 
8 Passer domesticus Non-breeding Captured just before start of breeding season. Reproductive status inferred by date of capture 
9 Pygoscelis antarcticus Breeding 
Non-breeding 
Captured by hand at the nest during nesting for breeders and later at moulting for non-breeders 
10 Falco tinnunculus Breeding Captured at nest boxes during breeding season 
11 Sula nebouxii Breeding Captured at nest in breeding colony  
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 Species breeding period was assumed according to del Hoyo et al. (2019) Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. 
12 Agelaius phoeniceus Breeding Captured during breeding season while territory formation till fledging of chicks 
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Table S6.3 Number of studies, species and effect sizes used in present analyses. 
Immune variable Studies Species Effect sizes 
White blood cells    
Heterophils 23 21 45 
Lymphocytes 25 23 47 
Macrophages 14 15 27 
Eosinophils 12 13 24 
H/L ratio 27 27 55 
Immune response    
PHA 8 8 16 
BKA 3 3 7 
Haemolysis 3 3 3 
Haemagglutination 3 3 3 
H/L ratio = heterophils/lymphocytes ratio, PHA = phytohaemagglutinin test, BKA = bacteria-killing ability 
assay. 
Model specification of Markov chain Monte Carlo simulations for generalised linear mixed models 
Apart from the H/L ratio and the PHA, all our variables were proportions. Proportions were considered as 
success/failure (cbind(success, failure)) and the H/L ratio was log-transformed. The H/L ratio and PHA models 
were run with a Gaussian family distribution, whereas the rest of the models were run using a binomial family 
distribution (specified as ‘multinomial2’). We used parameter expanded priors for the random effects (V = 
diag(1), nu = 1, alpha.mu = c(0), alpha.V = diag(1)), inverse Wishart priors (V = 1, n = 0.002) for the residuals 
and normal distributions centred on zero with large variances as fixed effects priors (default prior in function 
“MCMCglmm”). These priors were chosen to improve model convergence while being minimally informative 
(random effects) or completely uninformative (fixed effects). The models of macrophages in both full data set 
and subset analysis were run across 25,000,000 iterations with a thin of 20,000 and a burn-in of 5,000,000. 
The rest of the models were run across 1,603,000 iterations, thin of 1,600 and a burn-in of 3000. In all seven 
models, the potential scale reduction factor from the Gelman-Rubin test was 1.04 or lower, which is below the 
threshold of 1.1 indicating model convergence. Autocorrelation was also low, always below the threshold of 
0.1. 
 
Table S6.4 Number of species and number of individuals included in MCMC generalised linear mixed models 
of the full data set, and in the subset of data including species for which there were data from both the non-
breeding and breeding periods. 
 Analysis using full data set  Analysis using subset of data  
Number of species Number of individuals  Number of species Number of individuals 
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Heterophils 21 90  3 28 
Lymphocytes 23 94  4 30 
Macrophages 15 56  2 14 
Eosinophils 13 56  3 18 
H/L ratio 27 110  7 48 
PHA 8 32  5 24 
BKA 3 14  2 12 
 
Table S6.5 Sex difference and seasonal variation in white blood cell counts and immune responses in wild 
bird species for which there were data from both the non-breeding and breeding periods (MCMC generalised 
linear mixed models; n = total number of individuals; P-values <0.05 highlighted in bold). 
  95% credibility intervals  
 Post. mean Lower Upper P-value 
a) Heterophils (n = 28)     
Intercept -1.008 -2.261 0.424 0.124 
Season (breeding)a 0.030 -0.630 0.676 0.946 
Sex (males)b -0.649 -1.145 -0.242 0.004 
Season (breeding)a*sex (males)b 0.572 -0.052 1.213 0.084 
Random     
Study 0.550 <0.001 1.852  
Phylogeny 0.592 <0.001 2.395  
Residual 0.123 0.014 0.265  
b) Lymphocytes (n = 30)     
Intercept -0.048 -1.717 1.330 0.980 
Season (breeding)a -0.005 -0.563 0.556 0.994 
Sex (males)b 0.334 -0.021 0.755 0.088 
Season (breeding)a*sex (males)b -0.280 -0.834 0.283 0.352 
Random     
Study 0.260 <0.001 0.983  
Phylogeny 1.186 <0.001 3.588  
Residual 0.119 0.029 0.231  
c) Macrophages (n = 14)     
Intercept -2.679 -5.357 0.317 0.050 
Season (breeding)a -0.598 -1.538 0.223 0.142 
Sex (males)b 0.025 -0.501 0.496 0.930 
Season (breeding)a*sex (males)b 0.241 -0.943 1.325 0.674 
Random     
Study 1.786 <0.001 7.264  
Phylogeny 2.287 <0.001 10.91  
Residual 0.035 <0.001 0.145  
c) Eosinophils (n = 18)     
Intercept -2.933 -4.824 -1.205 0.018 
Season (breeding)a 0.410 -0.277 1.076 0.224 
Sex (males)b 0.265 -0.292 0.838 0.346 
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Season (breeding)a*sex (males)b -0.382 -1.278 0.411 0.376 
Random     
Study 0.850 <0.001 3.622  
Phylogeny 1.138 <0.001 4.594  
Residual 0.05768 <0.001 0.207  
c) H/L ratio (n = 48)     
Intercept -0.553 -1.353 0.183 0.120 
Season (breeding)a 0.066 -0.342 0.492 0.744 
Sex (males)b -0.389 -0.750 -0.015 0.040 
Season (breeding)a*sex (males)b 0.556 0.091 1.070 0.040 
Random     
Study 0.394 0.021 0.989  
Phylogeny 0.177 <0.001 0.709  
Residual 0.212 0.126 0.306  
d) PHA response (n = 24)     
Intercept 0.805 -0.281 1.984 0.104 
Season (breeding)a -0.094 -0.334 0.153 0.422 
Sex (males)b 0.091 -0.076 0.273 0.282 
Season (breeding)a*sex (males)b -0.070 -0.397 0.214 0.654 
Random     
Study 0.224 <0.001 1.021  
Phylogeny 0.531 <0.001 1.881  
Residual 0.030 0.013 0.054  
d) BKA assay (n = 12)     
Intercept -1.711 -6.111 2.292 0.234 
Season (breeding)a 0.364 -1.213 1.989 0.624 
Sex (males)b -0.215 -1.414 1.110 0.702 
Season (breeding)a*sex (males)b 1.501 -0.450 3.736 0.144 
Random     
Study 3.328 <0.001 14.14  
Phylogeny 3.707 <0.001 11.33  
Residual 0.671 0.067 1.62  
aRelative to the non-breeding period 
bRelative to females 
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Chapter 7 | Discussion 
Sex roles, i.e. behavioural differences between males and females in mating and parenting, are believed to be 
the drivers of many sex differences in mortality in nature. Notable research in mammals has consistently shown 
that males die at higher rates and have shorter lifespans than females (Moore & Wilson, 2002; Lemaître et al., 
2020). Interestingly, birds present the opposite pattern, with females in most species generally dying at higher 
rates than males do (Donald, 2007; Székely et al., 2014). The proximate causes of this female-biased mortality 
are not well understood and have reminded rather unexplained, perhaps because mortality is multifactorial, 
and the variables known to be related with mortality were first proposed in studies of taxa other than birds (e.g. 
testosterone immunosuppression or striking sexual size dimorphism, Moore & Wilson, 2002; Klein & Roberts, 
2010). The main aim of my dissertation was to explore the relevance of parasite infection and immune variables 
in sex-specific mortality using birds as model organism. 
My dissertation represents a contribution towards possible drivers of sex-specific mortality in 
vertebrates, going beyond previous studies in birds in two respects: 
(iii) Unlike most studies available, I used two major predictors of adult mortality: parasite infection and the 
ability of immune system to respond to challenges. 
(iv) I combined detailed species-specific studies with broader phylogenetic analysis across many bird species. 
This twofold approach enables, first, improve the definition of the associations in the species investigated 
(shorebirds), whiles the latter allows understanding the bigger picture. 
Promislow et al. (1992) was the first study investigating sex-specific mortality across bird species, finding that 
females die at higher rates than males. This study was followed by Liker & Székely (2005) and Székely et al. 
(2014), who, using much larger data sets and improved methodologies, confirmed a female-biased mortality 
in birds. In this dissertation I expand on the knowledge of proximal variables that relate to sex-specific 
mortality in birds. My approach consisted on using variables known to directly or indirectly influence mortality 
and study whether they presented sex differences. This approach aimed to centre on pathogen and immune 
related variables (Smith et al., 2009; Froy et al., 2019), but not emphasising on life-history variables such as 
body size or adult sex ratio, already known to strongly correlate with sex-specific mortality, but far from 
explaining the true causes of sex-specific mortality (Promislow et al., 1992; Moore & Wilson, 2002; Liker & 
Székely, 2005; Székely et al., 2014). 
7.1 The role of parasites in sex-specific mortality 
Mortality events are difficult to accurately determine in the wild because they are often the result of several 
processes. For example, parasite infection has been associated with reduced survival in gastropods, frogs, and 
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birds (Cunningham & Daszak, 1998; Johnson et al., 1999; Lachish et al., 2011), although parasites are seldom 
the exclusively cause of mortality. In fact, the very definition of parasite describes organisms that live at 
expenses of the host, causing some harm, but not killing it. Exceptions are cases of extreme parasite load, 
usually in immunosuppressed individuals, or in events of parasites infecting naïve hosts (commonly seen on 
islands, e.g. Kleindorfer et al., 2014). Certain bacteria stains are known for being pathogenic when colonising 
a new host, but bacteria adaptation to evade immune recognition and thus avoid host repulsion also occurs 
(Atterby et al., 2018; Chaguza, 2020). Adaptation could explain the results observed in Chapter 2 as prevalence 
of bacteria infection did not predict body condition. In Chapter 2 I also found sex differences in prevalence in 
Kentish plover: females had higher bacteria prevalence than males. This sex bias, interestingly, was in 
accordance with the female bias in mortality that most populations of Kentish plover show (Eberhart-Phillips 
et al., 2018). Whether different bacteria infection between the sexes is associated to sex-specific mortality or 
not is for future studies to unveil, although the negative impact of infection disease in wildlife is widely 
recognised (Delahay et al., 2009; Smith et al., 2009; Heard et al., 2013). 
Sex-specific burden of macro-parasites and the impact of parasite on host survival are well-described in 
animals (Poulin, 1996; McCurdy et al., 1998; Moore & Wilson, 2002; Karvonen & Lindström, 2018). 
Therefore, it is notable that in Chapter 3, parasite prevalence across 138 bird species was unrelated to annual 
mortality in males, females, and the sex bias. Body size positively correlates with parasite burden, thus the 
results in Moore & Wilson (2002) could partly be explained by the more striking sexual size dimorphism 
(SSD) in mammals compared to birds (Fairbairn et al., 2007). However, perhaps a limitation using prevalence 
as variable could have also obscured my findings, as this variable could be subject of a process known as 
survivorship bias which, in this context, corresponds to the logical error of determining parasite prevalence 
from individuals that have already survived the infection (Zens & Peart, 2003). 
Now, if we assume that the potential problems mentioned above are minor, an alternative interesting 
approach that could be adopted to further understand the relationship between parasitism and bird survival 
derives from reflecting upon the predator-prey interaction. If we consider that indirect causes of mortality by 
parasites are major (Toscano et al., 2014; Adelman et al., 2017), it would be expected that bird species with 
high risk of predation should perceive a higher impact of parasite infection because their survival dramatically 
depends on their fleeing ability, one of the main anti-predator strategies in birds (Barnard, 1983; Poulin & 
Maure, 2015; Adelman et al., 2017). However, this idea needs thinking because is not trivial to identify a 
consistent proxy of predation risk across species. One could argue that perhaps non-carnivores are the usual 
subject of predation, but carnivores are can also suffer intense predation. Perhaps body size could work, as 
Hill et al. (2019) found a relationship between the risk of predation and body size, showing that small-bodied 
birds had higher predation rates than large-bodied ones. In any case, I think this predator-prey interaction is 
worth considering for expanding the understanding how parasites and mortality interact in wild birds. 
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7.2 Immune defence and sex-specific mortality 
Immune function is a complex process and its intricate mechanisms are energetically costly (Sheldon & 
Verhulst, 1996; Hasselquist & Nilsson, 2012). Moreover, many of the costs associated with disease, for 
instance fever, inflammation and septic shock, are not direct costs of the infectious organism but rather the 
result of the activation of the immune defence (Janeway et al., 1999; Levin & Antia, 2001; Marais et al., 2011; 
Cabrera-Martínez et al., 2018). Energy is a limited resource in wild animals and often proposed as currency in 
trade-off/investment hypotheses linking the immune system and other costly life-history traits (Lochmiller & 
Deerenberg, 2000; Bonneaud et al., 2003; Lee et al., 2006; Nilsson et al., 2007). From this perspective, there 
are many views that support sex differences in immunity, and moreover, would explain observations of sex-
specific mortality in birds. For example, in Kentish plovers, most of their populations present a balanced 
hatching sex ratio, although have more males than females in the adult pool since females tend to die at higher 
rates than males (Székely & Lessells, 1993; Fraga & Amat, 1996; Székely & Cuthill, 1999; Székely et al., 
2004; Maher et al., 2017; Eberhart-Phillips et al., 2018; Que et al., 2019). These consistent life-history and 
demographic parameters would suggest females as the sex likely to present weaker immune defences in this 
shorebird. However, the results in Chapter 4 did not support the latter expectation, finding no sex differences 
in haemolysis and haemagglutination assays in two shorebird species. Note that the specific hypothesis of 
Chapter 4 was better suited for immune tests evaluating the immune response rather than immune function 
(i.e. magnitude of an immune response to a challenge versus baseline immunity, respectively). I also note that 
the immune system has great diversity, with several parameters that could be measured, but this would not be 
cost efficient. To characterise immune system, methods like gene expression might be advantageous because 
they offer a much thorough view of biological processes such as immune responses. Accordingly, in Chapter 
5 I found that expression of immune genes showed a small but significant male bias. Perhaps the true effect of 
sex on immune defence is small, so that data from more individuals and species –and better controlled assays– 
would be needed. 
The breeding period has strong repercussions on many aspects of the bird’s physiology. Chapter 6 shows 
that the immune system is not exception to this as it seems that only during breeding, males tend to show 
stronger immunity than females. If a better immune system improves survival (Hegemann et al., 2013; Froy 
et al., 2019), then our results match the across species female-biased mortality pattern in birds. Future studies 
should investigate whether these findings are more than just a coincidence from a multi-species perspective. 
Chapter 6 could bring further repercussion in sex-specific mortality in wild animals because the fact that sex-
specific strength of immune defence depended on breeding status suggests an additional layer of complexity 
in matters of survival cost of immune defence. One could argue that the impact of immune function during the 
non-breeding season could be even more important because in most birds the breeding season is rather short 
compared to the non-breeding season. Future studies should address the impact on survival of immune defence 
during the non-breeding period, as well as evaluating if it differs to that of the breeding period. 
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7.3 Bird mortality in the wild 
Naturally, mortality is not limited to the variables my dissertation has evaluated. A meta-analysis of 6860 
individual mortalities of adult free-living birds (excluding direct anthropogenic causes) showed that the main 
causes of death were predation (68%), disease (3%), collision (1%), starvation (1%), and other (4%, Hill et al. 
2019). While another study examining 1,005 bird carcasses in the wild showed that the main causes of death 
were physical injury (32.6%), systemic disease (13.5%), parasitic disease (11.6%), poisons (9.6%), bacterial 
disease (7.8%), viral infections (6.2%), fungal infections (1.8%), and 17% deaths from unknown causes 
(Jennings, 1961). More recent studies highlight collisions with objects, and predation by domestic cats as other 
important sources of mortality in birds, particularly in urbanised environments (Erickson et al., 2005; Loss et 
al., 2015). From these data we could confirm that the variables evaluated in this dissertation are an important 
part of mortality in wild birds, as the immune system, parasites and bacteria can be linked to a great fraction 
of deaths (i.e. predation, physical injury, systemic, parasitic, and bacterial disease, viral and fungal infections). 
In my opinion, the most important variable that I left untouched in the present dissertation was predation. 
However, can be argued that the mortality cost of parasites and the immune system could be importantly 
determined by changes in behaviour of the host, reducing their anti-predator response. A recent study provided 
a good example of these indirect means of mortality associated to pathogen-host dynamics. Adelman et al. 
(2017) showed that House finches (Haemorhous mexicanus) infected with Mycoplasma gallisepticum –cause 
of conjunctivitis and reduced survival among free-living birds– experienced reduced anti-predator response 
compared to the control group, thus providing a plausible explanation as of why this bacteria rarely causes 
mortality in House finches in captivity. While the above example does not include sex differences mortality, 
is not difficult to imagine the sex-specific impact if susceptibility to infection would show sex differences. 
Additionally, sex-specific predation could be driven by different colouration, size, and behaviour between 
males and females, where males are usually more conspicuous and larger than females. 
Sex differences in mortality is certainly a topic difficult to disentangle given the wide range of relative 
processes that could influence it. Overall, this dissertation represents a relevant contribution to this topic, in 
the specific case of birds. As is often expected in research, many limitations arose during the confection of this 
research work, but nevertheless it was possible to generate sensible conclusions about the matter and more 
importantly, stablish possible directions in future research. 
7.4 Future directions 
In this dissertation I explored the potential impact of parasite burden and aspects of the immune system, in 
association with several life-history variables, on sex differences in mortality in wild birds. This is initial 
exploration allowed me to envision a number of research topics that have not yet been investigated. 
1. The first logical future venture is to expand the work presented in Chapter 4. Despite the specific 
limitation of shorebird fieldwork, immune assays that require plasma preservation seem promising. In 
order to further understand the sex-specific trade-offs associated with investing in attraction versus 
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investing in longevity/survival. Sampling both chicks and adults would extend the validity of my results. 
Also, I would aim to widen the species range of shorebirds to cover more mating strategies (polyandrous, 
monogamous, polygynous). Many shorebirds have their mating strategies and demographic parameters 
well-studied, thus enabling formulating specific predictions of the direction of the immune defence biases. 
2. The impact on survival associated to interspecific variation in immune strength in birds is well 
documented (Møller & Saino, 2004; Hegemann et al., 2013; Tieleman, 2018). Another interesting 
approach consists on determining the sex-specific influence of immune defence on survival of Kentish 
plover. Ideally, this research will include a well-studied system such as the Kentish plover that exhibit 
different adult sex ratios and sex-specific mortalities in order to understand the drivers of adult sex ratio 
variation. 
3. The immune system in male and female birds appears to vary with season (Chapter 6). The impact of 
immune defence on survival is well known but most of studies report results conducted in birds sampled 
during the breeding season. It would be interest to know if the impact on survival differs between the 
specific immune status during the breeding versus non-breeding seasons. One could argue that the impact 
of immune defence on survival during breeding could be minor compared to the non-breeding period that 
is much longer. However, I recognise that studying this topic could be difficult because there are 
numerous variables that could confound the associations, such as food availability and inclement weather. 
4. Bio-medical research is moving fast toward genomic approaches. Recent experimental research has 
provided important contribution in the understanding of host response to pathogen infection. Notably, 
Videvall et al. (2015) and Scalf et al. (2019) showed using transcriptomic analysis the immune response 
to blood parasite infection in Eurasian siskins (Carduelis spinus), and to bacterial lipopolysaccharide in 
Zebra finch (Taeniopygia guttata). Note that none of these studies focussed on sex differences, and 
therefore, there is a niche to move in. I believe that there is great potential in exploring sex- and age-
specific differences considering that recent studies show an important role of sex-specific chick mortality 
in predicting later adult sex ratio (Eberhart-Phillips et al., 2018). Furthermore, these transcriptomic tools 
will allow exploring alternative aspects of the birds’ biology that could be related to mortality such as 
stress susceptibility that, according to the work of Wang et al. (2019) in captive Eurasian magpies, also 
present sex biases in gene expression, being higher in females than in males. 
5. Finally, one could also conjecture about broad-scale associations between parental care, survival and 
immune system that may emerge how critical the survival of a parent is (either the male or the female), 
for the survival of the young. 
For example, in placental mammals, conception and embryonic development takes place in the females’ 
womb. This simple fact determines females as more important for offspring survival compared to males, 
whose only (but not exclusive) role often is to provide the sperm. This hypothesis could be seen as a 
generalisation of the Pregnancy Compensation Hypothesis presented for humans (Natri et al., 2019). Since 
the offspring depends completely on the care of females during initial stages of its life, for food (lactation, 
nutrition and immune defence from colostrum) and for protection. Therefore, it can be assumed that 
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natural selection possibly favoured the development of a stronger and efficient immune system in females 
but not in males, because is crucial that females survive pregnancy and lactation, whiles often males need 
to live long enough to mate. 
Accordingly, male and female mammals are expected to show strong differences in immunocompetence, 
lifespan and disease susceptibility, where females are widely recognised as the sex with the strongest 
immune defence, lower rates of mortality as well as longer lifespan (Klein & Roberts, 2010; Klein & 
Flanagan, 2016; Lemaître et al., 2020). 
In birds and other egg-laying tetrapods, the relationships may differ since the fertilisation of the eggs may 
occur within the reproductive tract of the female although offspring development takes place outside the 
mother. For example, in birds, soon after copulation and fertilisation has occurred, the female will lay the 
eggs. From this point on, the survival of the young will depend importantly on the parental care duties. 
Parental care varies greatly among species, but most bird present biparental or female-biased parental care 
although male-biased care also occur in certain taxa such as ratites, coucals and shorebirds (Bennett & 
Owens, 2002). 
I conjecture that sex biases in survival-related immune variables in tetrapods should be associated with 
the degree of sex-specific parental investment, used as proxy of the relevance of each sex for survival 
their offspring(s). Because the reproductive success depends upon survival of the young, selection will 
favour traits that allow higher survival of the sex that provides most of the parental care, i.e. strong 
immune defence (health), cryptic coat (predation). In species where one sex is prominently more 
indispensable than the other, like female mammals, these sex differences in immunity are expected to be 
more noticeable. Whereas in other taxa like birds, where the parental duties are more shared, sex 
differences in immune system are expected to be weaker. 
 
In conclusion, the five chapters in my dissertation attest the importance of understanding sex roles, sex-
different demographies and immune system using a coherent framework. Whilst pursuing the objectives of my 
dissertation, I have gained critical knowledge on the relevance of pathogen-host dynamic, and how it could 
affect sex differences in mortality. To understand the dynamics of big patterns in nature is necessary to 
implement phylogenetic comparative analysis otherwise is easy to fall in wrong assumptions based on 
extrapolations of other taxa. Sex-specific research has gained great relevance during the recent years; is critical 
to continue such investigation in order to obtain better resolution in the events of nature. 
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Abstract 
Gut microbiotas contribute to shaping reproductive success, health and lifespan. Extensively studied in humans 
and lab animals, gut microbiotas have been increasingly explored in a wide range of taxa in the wild. 
Environment, sex and age influence the gut microbiota but whether this is due to intrinsic processes or knock 
on effects from behaviour remains unclear. Here, we provide an insight into the composition of gut microbiota 
in Kentish plover (Charadrius alexandrinus) and lesser sand plover (Charadrius mongolus) in natural 
populations. By analysing faecal bacterial communities using 16S rRNA high-throughput sequencing 
technology, we find that both species have a similar and overlapping gut microbial communities with 
Firmicutes, Proteobacteria and Bacteroides being the dominant phyla, suggesting that similar breeding 
environment nay be a factor shaping gut microbiota. In Kentish plovers, we found no evidence of age- and 
sex-related differences. Our study provides baseline information that can be used in future studies to better 
understand diversity, function and determinants of gut microbes in Charadrius shorebirds.  
 
Keywords: Gut microbiota, 16sRNA gene, shorebirds, environment, social structure, disease biology, mating 
system, development 
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1. Introduction 
Microbiome research is an emerging field in ecology and evolutionary biology. The gut microbiota, is a diverse 
community of bacteria, archaea or eukaryote that resides within the gastrointestinal tract, influencing the 
physiology, behaviour, and fitness of the host (Ley et al. 2008, Kohl 2012, Waite and Taylor 2015). Since the 
gut microbiota may be pivotal to important biological processes, understanding factors that shape overall gut 
microbiota biodiversity is of utmost interest. 
   Several studies have looked at the factors that shape gut microbiota, host phylogeny, environment, 
sex and development have been identified as important (Foster et al. 2017, Grond et al. 2018, McDonald et al. 
2018, Watson et al. 2019). Gut microbial communities are more similar among individuals of the same species 
than among individuals of different species (Ley et al. 2008, Goodrich et al. 2014, Waite and Taylor 2014, 
Hird et al. 2015). The environment however has a significant effect on gut microbiota composition. For 
instance, individuals from sympatric species of migratory passerines (Lewis et al. 2017) and non-human 
primates (i.e. chimpanzees and gorillas; Moeller et al. 2013) show convergent gut microbial communities 
reflecting their similar ecological environment and diet. In contrast, individuals from populations at different 
locations show differences in gut microbiota. For example, gut bacterial diversity is significantly higher in 
onshore polar bears compared to offshore polar bears (Watson et al. 2019). Migrants consistently had higher 
abundances of certain bacterial genus compared to conspecific residents in sandpipers (Risely et al. 2018). 
  Gut microbiota of males and females differ in several species including humans (Elderman et al. 2018, 
Kim et al. 2020). Gut microbiota sex differences can result from intrinsic physiologic sex differences but may 
also be indirectly caused by behavioural differences between the sexes. If the former, then it could be expected 
that patterns of differences between males and females should be consistent across species. If the latter, gut 
microbiota patterns in males and females should vary according to behavioural differences in species with 
different social behaviours. Most studies have suggested the sex differences in gut microbiota stem from sex-
dependent physiological conditions (e.g. sex hormone and body mass index) and diet (Flores et al. 2012, 
Bolnick et al. 2014, Dominianni et al. 2015, Neuman et al. 2015, Org et al. 2016, Escallon et al. 2017). Another 
line of studies have shown that social contact can mediate the acquisition and flow of microbiomes between 
individuals (Degnan et al. 2012, Song et al. 2013, Nuriel-Ohayon et al. 2016), social contacts may allow for 
the horizontal gut microbiota transmission, which is presumed in direct relation to the patterns of sex-specific 
social contacts (e.g. social interactions, mating behaviours; Münger et al. 2018). For example, in wild black 
howler monkeys (Alouata caraya), gut microbiotas of adult females that generally interact more with each 
other showed greater similarity compared to males that have fewer social contact with both females and other 
males (Tung et al. 2015, Amato et al. 2017). In lizards, the cloacal bacterial communities (cloacal bacterial 
samples are widely used as a proxy of gut microbiota in studies of birds and reptiles; Videvall et al. 2018) of 
polyandrous female were significantly more diverse than in monogamous females, suggesting that a larger 
number of sexual partners increased bacterial diversity in females’ cloaca (White et al. 2011). Other studies 
support these findings, reporting higher microbial diversity in the sex with the highest diversity of social or 
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ecological niches (White et al. 2010, White et al. 2011, Leclaire et al. 2014, Levin et al. 2016, Amato et al. 
2017).  
   Several studies have reported changes in gut microbiota along development (Cox et al. 2012, Faith et 
al. 2013, Grond et al. 2017, Videvall et al. 2018). For example, gut microbial communities during early life in 
the young are highly variable in diversity and abundance and are markedly different from gut microbiotas of 
conspecific adults (González-Braojos et al. 2012, van Dongen et al. 2013, Waite and Taylor 2014). However, 
the mechanism behind age-related gut microbial difference is poorly studied, such differences can be caused 
by parenting behaviour (e.g. biparental care vs. uniparental care). In several species, there is evidence of 
vertical transmission from mother to offspring playing an important role in the establishment of gut 
microbiotas during early life offspring (Nuriel-Ohayon et al. 2016). The extent of vertical transmission is 
thought to be at least partly dependent on the precocity of the young. For example, in altricial birds where 
young are usually dependent on their parent(s) for food, gut microbiota might be inoculated through feeding, 
therefore, the offspring’s gut microbiota should resemble the parent(s)’. Precocial young leave the nest soon 
after hatch and often forage independently, thus there would be fewer opportunities for parent to offspring gut 
microbiota transmission.  
  Charadrius plovers, are a group of small ground-nesting shorebirds breeding on all continents except 
Antarctica (Eberhart-Phillips 2019). Kentish plover (Charadrius alexandrinus) and lesser sand plover 
(Charadrius mongolus) breed at an alkaline lake in Tibetan Plateau (3200m above sea level) from May to July, 
and winter in coastal southern China. Both species are monogamous, males and females have roughly a similar 
number of close partners. They both show biparental care to the precocious offspring. They share common 
breeding habitat and forage mainly on aquatic insects and their larvae (Fieldwork observation). They represent 
a good system to test the influence of environmental and social behaviour in gut microbiota.  
  Here, we analyse microbial biodiversity in faecal samples to assess gut microbial community female, 
male and young individuals in wild populations of Kentish and lesser sand plover to assess relative relevance 
of genetic differences between species, social links or environment in shaping the gut microbiota in these two 
species. Here we explore three hypotheses that assume distinct major drivers of gut microbiota diversity and 
composition at different scales. First, if the gut microbiota composition is mainly determined by underlying 
genetics, we would expect significant differences in microbial communities between the two species analysed. 
However, if environment conditions are the main force to shaping gut microbiota composition, we expect gut 
microbiota composition to be similar in both species as both inhabit the same environment during their 
breeding season. Second, if physiological differences between the sexes influence gut microbiota, then we 
expect male and female microbiomes to be different. However, if sex differences are explained by differences 
in social networks, home ranges and foraging behaviour, then we expect that microbiomes in these 
monogamous and biparental caring birds to be similar for males and females. Third, if differences in gut 
microbiota between adults and juveniles are explained by intrinsic differences in the physiology of the two life 
stages, then we would expect to observe differences in the two species included in this study. However, if these 
differences are the result of the differences in diet of adults and young (i.e. in mammals, young are fed mother’s 
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milk and in birds, many young are provided with food by parent(s)), we would expect that gut microbiota 
composition should not differ between adults and juveniles in these two precocial species where young fetch 
their food by themselves. 
   
2. Materials and Methods  
2.1 Sample collection 
Fieldwork was carried out at Qinghai Lake, an alkaline lake lies in Tibetan Plateau, in May and June 2019. 
Kentish plovers and lesser sand plovers breed along the lake shore. Breeding pairs were captured on their nest 
while incubating eggs, using funnel traps (Székely et al. 2008). The sex of adult birds was determined by 
morphological features, and molecular sexing was applied to identify the sex of the chicks. Microbiota samples 
were collected from captured adults and chicks. Faecal samples are generally representative of the bacterial 
community in the large intestines. We adopted Knutie and Gotanda’s (2018) faecal sampling protocol. The 
captured bird was put into a paper bag with a sterile wax paper on the bottom. A metal grate was set over the 
wax paper to prevent the bird from directly encountering the faeces after defecation. After defecation, faecal 
samples were collected using sterile polyester swabs, placed in sterile cryotubes without medium, and kept in 
liquid nitrogen. The grate was sterilized by soaking them in a 10% bleach solution for at least 10 min before 
each collection to reduce potential cross-contamination between different individuals. The bird was held for 
less than 5 min to minimize stress and then be released. Samples were transported from the liquid nitrogen to 
a laboratory freezer at -80 °C. As studies suggest differences in bacterial composition resulting from storage 
conditions do not eclipse differences between samples, even when left at ambient temperatures for 2 weeks 
(Lauber et al. 2010, Dominianni et al. 2014, Song et al. 2016), we assume that changing of the storage 
environment had minimal effect on microbial composition of the samples collected.  
 
2.2 DNA isolation, amplification and sequencing 
To obtain sufficient amounts of genomic DNA for sequencing library preparation, the fecal sample on the 
sterile tips were used to extract genomic DNA with the FastDNA Spin Kit for Feces (MP Biomedicals Co., 
Ltd., USA) following the manufacturer’s instructions. Then, the concentration and purity of the extracted DNA 
samples were measured using a Nanodrop 2000 spectrometer (Thermo Fisher Scientific, Wilmington, DE, 
United States). Bacterial diversity was examined after 250-bp paired-end amplicon sequencing using the 
primers 515F (5- GTGYCAGCMGCCGCGGTAA-3) and 806R (5-GGACTACNVGGGTWTCTAAT-3) on 
an Illumina Miseq platform in two separate runs at Suzhou GENEWIZ, Co., Ltd, (Suzhou, China). 
  Paired-end reads were merged, and pairs diverging by less than 200 bp or containing unknown base 
calls (N) were discarded. Then the PCR amplification primers were trimmed, and the sequences were quality 
filtered at 0.5% Expected Error (EE); those displaying greater than 0.5% EE were discarded. Using the 
VSEARCH (ver. 1.9.6) algorithm, OTUs were created by clustering sequences with 97% sequence identity, 
discarding chimeric sequences after being aligned to the SILVA reference. Taxonomic assignments of 
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representative sequences from each OTU were performed using the Ribosomal Database Program (RDP) 
Bayesian algorithm. Sequences with ≥ 97% similarity were assigned to the same OTU.  
 
2.3 Statistical analyses 
All the faecal samples were classified into three groups: (a) species group (Kentish plover vs. lesser sand 
plover); (b) sex group (female Kentish plover vs. male Kentish plover); (c) age group (adult Kentish plover 
vs. juvenile Kentish plover). We analysed bacterial communities in three ways. (1) To identify the OUTs that 
differ in abundance within each comparison group, we applied the Metastat gap analysis. (2) To examine 
community-wide differences in abundance within each comparison group, we fitted non-multidimensional 
scaling (NMDS, vegan package in R; R Core Team 2018) ordinations to rarefied count data, the results were 
presented based on Bray-Curtis (based on abundance of OTUs), then we conducted ANOSIM tests (vegan 
package in R; R Core Team 2018) to statistically test for differences within each group. (3) We analysed 
community diversity by calculating Alpha diversity indices (chao, Shannon and Simpson) using Qiime (ver. 
1.9.1) and the t-test or Wilcoxon test was used to compare the differences within each comparison group.  
 
3. Results  
A total of 5254 operational taxonomic units (OTUs) were identified from cloacal samples of 24 Kentish plovers 
(17 adults and 7 juveniles) and 9 lesser sand plovers (7 adults and 2 juveniles) encompassing 36 bacterial 
phyla, with prevalence and abundance of specific phyla differing among individuals (Fig. 1a). The dominant 
phylum in both populations show consistency, with the most abundant phyla being Firmicutes (60% in Kentish 
plovers, 59% in less sand plovers), Proteobacteria (14% in Kentish plovers, 15% in less sand plovers) and 
Bacteroidetes (10% in Kentish plovers, 14% in less sand plovers), making up the core microbiota (Fig. 1b).  
 
Figure 1 a. Stacked bar chart of the relative abundance of top 30 bacterial phyla in the faecal microbiota of 24 
Kentish plovers and 9 lesser sand plovers. b. Stacked bar chart of the average relative abundance of bacterial 
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phyla in faecal microbiota of Kentish plovers and lesser sand plovers. Phyla in the legend are listed in order of 
increasing abundance.  
 
 3.1 Differences in bacteria taxa 
Kentish plover vs. lesser sand plover 
The faecal microbiota of Kentish plover consisted of 3848 OTUs compared to 1406 OTUs for less sand 
plovers, of which 1208 were shared between two populations (Fig. 2a). Of the total number of OTUs found, 
2640 were unique to Kentish plovers, and a much smaller number of OTUs (n = 198) were unique to lesser 
sand plovers.  
  5 OTUs (2 Bacteroidetes; 2 Acidobacteria; 1 Firmicutes; 1 Proteobacteria) were significantly enriched 
and 1 OTU (1 Proteobacteria) was significantly reduced in Kentish plover faecal samples (Fig. 3a). We also 
found that the relative abundance of bacteria genus of Corynebacterium_1, Euzebya and 
Ruminococcaceae_UCG-008 showed significant difference between Kentish plovers and lesser sand plovers 
(Fig. 4a-c, PCorynebacterium_1 = 0.04, PEuzebya = 0.02, PRuminococcaceae_UGC-008 < 0.01; Metastats).  
  
Figure 2. Venn diagrams demonstrating number of shared and unique OTUs in (a) Kentish plovers (KP, red) 
and lesser sand plovers (LSP, blue), (b) in female (blue) and male (red) Kentish plover, and (c) in adult (blue) 
and juvenile (red) Kentish plovers. 
 
Female Kentish plover vs. male Kentish plover  
Female Kentish plover faecal microbiota consisted of 2854 OTUs, and the number in male Kentish plovers is 
1184 OTUs. 841 OTUs were shared between sexes (Fig. 2b). A total 2013 OTUs were found unique to females, 
and 343 to males. 
  9 OTUs (4 Proteobacteria; 3 Firmicutes; 1 Gemmatimonadetes; 1 Actinobacteria) were found more 
abundant in female Kentish plovers and 1 OUT (Firmicutes) in males (Fig. 3b). At a finer scale, we found that 
the relative abundance of bacteria genus of Acinetobacter showed significant difference between female and 
male Kentish plovers (Figure 4d, PAcinetobacter = 0.01). 
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Figure 3. Fold changes for OTUs (circles) that significantly differed between (a) Kentish plovers and lesser 
sand plovers, (b) female and male Kentish plovers and (c) adult and juvenile Kentish plovers. OTUs below 
the dashed line are more abundant in lesser sand plovers in (a), female Kentish plovers in (b) and juvenile 
Kentish plovers in (c). OTUs are grouped by family, coloured by phyla, and sized by mean relative abundance 
across samples. 
 
Adult Kentish plover vs. juvenile Kentish plover  
The number of OTUs in adult Kentish plover faecal microbiota is 3389, and the number in juvenile Kentish 
plovers is 1310. 1062 OTUs were shared between adults and juveniles (Fig. 2c). 2327 OTUs were unique to 
adults compare to 248 for juveniles.  
  7 OTUs (3 Proteobacteria; 1 Firmicutes; 1 Gemmatimonadetes; 1 Actinobacteria; 1 Acidobateria) 
were found more abundant in adult Kentish plovers and 1 OUT (Firmicutes) in juveniles (Fig. 3c). From genus 
level, the relative abundance of the genera of Butyricicoccus, Exiguobacterium, Lactococcus and Serratia 
showed significant difference between adult and juvenile Kentish plovers (Fig. 4e-g, PButyricicoccus = 0.02, 
PExiguobacterium = 0.02, PSerratia = 0.03).  
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Figure 4. Relative abundance of bacterial genus in the faecal microbiota between Kentish plovers and lesser 
sand plovers (a-c), female and male Kentish plovers (d), and adult and juvenile Kentish plovers (e-g). 
3.2 Differences in community-wide abundance and species diversity 
Our results showed that Beta diversity showed no significant difference between each comparison group when 
using Bray-Curtis (Species: R = 0.14, P = 0.10; Sex: R = -0.01, P = 0.47; Age: R = -0.05, P = 0.62; ANOSIM). 
  Alpha diversity did not differ between each comparison group, either. For between species: Chao 
index (P = 0.37, Wilcoxon test), Shannon index (t = -0.04, df = 31, P = 0.97, t-test) and Simpson index (t = -
0.44, df = 31 P = 0.66, t-test). For between sexes: Chao index (P = 0.67, Wilcoxon test), Shannon index (t = 
1.79, df = 22, P =0.09, t-test) and Simpson index (t = 0.94, df = 22, P = 0.36, t-test). For between age groups, 
Chao index (P = 0.66, Wilcoxon test), Shannon index (t = 0.66, df = 22, P = 0.51, t-test) and Simpson index (t 
= 0.12, df = 22, P = 0.90, t-test). 
4. Discussion 
In this staged study, due to the limited knowledge in Charadrius plover gut microbiota, we first investigated 
the gut microbiota in two sympatric Charadrius plover populations that breed in high altitude environment. 
We found that at the phylum level, the most abundant phyla in Kentish plover and lesser sand plover faeces 
are Firmicutes, Proteobacteria and Bacteroidetes, accounting for nearly 90% of the total gut microbiota. This 
result was consistent with previous studies of the gut microbiota in other avian species (Roggenbuck et al. 
2014, Hird et al. 2015, Grond et al. 2018). Firmicutes are associated with mass gain and immune function in 
mammals and birds, playing an important role in increasing nutrient uptake and metabolic efficiency (Flint et 
al. 2012, Zhang et al. 2015, John and Mullin 2016), whereas Bacteroidetes is proposed to play a specific role 
in break-down of cellulose and other plant materials (Thomas et al. 2011, Kohl et al. 2014). However, the 
function of Proteobacteria in birds remains undetermined. It is also noteworthy that a considerable abundance 
of Fusobacteria was seen in Kentish plover (relative abundance 4.4%) and lesser sand plover (relative 
abundance 2.9%) faecal samples. Fusobacteria are often studied in the context of pathogenicity, and in 
carnivorous birds, Fusobacteria seem to be beneficial for the resistance against pathogens (Roggenbuck et al. 
2014, Mendoza et al. 2018). Therefore, it is an interesting avenue for future study to investigate the occurrence 
of Fusobacteria in shorebirds.  
  Although the abundance of the dominant phyla did not differ significantly in any of the comparison 
groups, some bacterial families and genera differ in abundance across comparison groups (Fig. 3 and Fig. 4). 
At family level, we noticed that the Aerococcaceae family shows consistent biased across the comparison 
groups, however, we found that this is because one Kentish plover (adult, female) sample contained extremely 
high level of Aerococcaceae (8.5%), whereas the numbers in the other samples were lower than 0.03%, which 
skewed the results. Similar patterns were found among Burkholderiaceae distribution in age and sex groups. 
Such sharp variation in abundance could be the result of sample contamination but it is also possible that the 
sample size was too small to explain the evident abundance variations in some bacterial taxa. At the genus 
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level, we found that Corynebacterium and Ruminococcaceae were more abundant in lesser sand plover than 
in Kentish plover (Fig. 4a-b). Corynebacterium genus is believed to be more abundant in migratory than 
conspecific residents in Calidris shorebirds, it may enable migrating shorebirds to maximise fat deposition 
and/or energy harvest during migration (Risely et al. 2018), whereas the abundance of Ruminococcaceae has 
been linked with the maintenance of gut health (Zheng et al. 2019). Therefore, it is possible that life history 
traits such as migration and the health status of individuals may also account for the different abundance in 
some bacterial genus.  
  Our results also showed that within each comparison group, Alpha diversity and Beta diversity showed 
no difference, suggesting individuals from each comparison group had similar and overlapping gut microbial 
communities. First, gut microbial composition did not significantly differ between Kentish plovers and lesser 
sand plovers, suggesting that gut microbiota composition is probably influenced more by environmental 
factors than genetic factors. We posit that similarity in gut microbiota composition between Kentish plovers 
and lesser sand plover may stem from the similar range of diets and habitats experienced by both species prior 
to sampling (David et al. 2014, Hird et al. 2014, Carmody et al. 2015). However, our proposition needs to be 
tested by further research so as to better understand the role of environment and genetic factor in shaping gut 
microbiota. For example, to compare the gut microbiota within same species but from different ambient 
environments as well as account for the influence of wintering ground in shaping gut microbiota (Risely et al. 
2018). Furthermore, Ley et al. (2018) suggest that gut microbial communities more similar among closely 
related species, as Kentish plover and lesser sand plover populations in this study are not only sympatric, but 
also genetically related. Therefore, another possible aspect for future research is to involve more species that 
are less genetically related to each other but share common environment. In this study, it would be beneficial 
to compare gut microbiota of Kentish plovers and lesser sand plovers with other sympatric avian species (e.g. 
geese, passerines). 
  Second, within Kentish plovers, sex seems to show no influence on gut microbiota. Studies of human 
and other mammalian species show that males and females differ in reproductive physiology and behaviour, 
which may manifest as different gut microbial profiles (Neuman et al. 2015, Aivelo et al. 2016, Grond et al. 
2018). However, there were no sex-related differences in gut microbiota in Kentish plovers. The Kentish plover 
population in this study is monogamous, indicating a similar social behavioural pattern between males and 
females, the homogeneity in gut microbiota suggests that fundamental biological difference between sexes 
may show a weaker influence on gut microbiota than ecological environment. In addition, a study shows that 
mating behaviours could cause transient change in gut microbiota in black-legged kittiwakes Rissa tridactyla 
(White et al. 2010), indicating that the time of sampling might also influence the gut microbiota (e.g. pre-
mating vs post-mating), therefore, repeated sampling is required in future work to better understand the sex-
difference in gut microbiota. 
  Third, we did not see any age-related differences in gut microbiota in Kentish plovers either, although 
studies investigating microbiota in precocial or altricial birds showed that the gut microbiota composition of 
chicks is markedly different from that of adult birds (González-Braojos et al. 2012, Grond et al. 2017). 
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However, it is worth noting that chick samples are richer in some bacterial genus than adults, for example, 
Exiguobacterium and Serratia (Fig. 4f-g). Most Exiguobacterium and Serratia are non-pathogenic 
environmental bacteria, with the former has ability to survive in varying temperature extremes (Vishnivetskaya 
et al. 2009, Khanna et al. 2013). This suggests that although the community-wide abundance and species 
diversity show no difference between adults and juveniles in this study, the development stage of juveniles 
should be an important factor to be accounted for, since the microbial colonization in shorebird chicks starts 
soon after hatching, and changes throughout development (Grond et al. 2017). In addition, as is mentioned 
above, limited sample size and sample contaminations may also conceal the real pattern of gut microbiota 
between sexes and age groups.  
  In summary, this study described and compared the gut microbiota of Kentish plovers and lesser sand 
plovers. The preliminary results showed that the similar breeding environment may have caused homogeneous 
gut microbiota patterns between the species. Within Kentish plover, gut microbial diversity showed no 
difference between sex or age group. This study provides baseline information and methodologies that can be 
used in future studies to better understand the broad-scale patterns in gut microbiota and function in wild birds 
and assessed how gut microbiota of shorebirds relates to genetic, environmental factors, population social 
structure, immune function, and disease-related processes.  
5. Future directions 
Given this study is a phased study, for future study can be carried out from following aspects: 
(1) To expand the research scale by including more species and populations under natural conditions across 
a wide geographic range. This will improve our very limited understanding of gut microbiota in wild birds 
(especially shorebirds).  
(2) The comparative approach will allow us to better assess the aspects of gene, environment and social 
structure that influence gut microbiota of birds under natural conditions. Therefore, except for broadening 
sampling, social behavioural monitoring is required. 
(3)  Much of the functional roles of gut microbial communities in wild birds remain unclear. The application 
of metagenomics, metatranscriptomics and metaproteomics on elucidating the functional potential of gut 
microbial communities in previous studies would offer valuable insights for avian gut microbe dynamics 
in future research (Pérez-Cobas et al., 2013; Kato et al., 2014). More importantly, the pathogenic 
functional profiles of gut microbial community are essential for our understanding of the link between 
social structure and disease prevalence, and has significant implications in conservation biology. 
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Appendix 6 | Parasites of the Shiny Cowbird, 
Molothrus bonariensis, and the Austral Blackbird, 
Curaeus curaeus, (Passeriformes: Icteridae) in 
Chile 
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Appendix 7 | Gastrointestinal and ectoparasites 
of plumbeous rail, Pardirallus sanguinolentus 
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Introduction
Parasite-host associations reveal valuable information about the 
host that should always be considered for studies of biodiversity and 
conservation (PÉREZ-PONCE DE LEÓN &  GARCÍA-PRIETO, 
2001), particularly since parasites have been linked to important 
variations in biodiversity, population declines, and even species 
extinction (e.g., JOHNSON  et al., 1999; CUNNINGHAM &  
DASZAK, 1998). T e plumbeous rail, Pardirallus sanguinolentus 
(SWAINSON, 1838), is one of three members of the genus 
Pardirallus Bonaparte, 1856, in South America. Six subspecies 
are recognized, three of which are partially distributed in Chile. 
T is bird inhabits all types of wetlands, including brackish and 
Gastrointestinal and ectoparasites of plumbeous rail, 
Pardirallus sanguinolentus (Aves: Rallidae) in Central Chile
Gastrointestinais e ectoparasitas do saracura-do-banhado, Pardirallus sanguinolentus  
(Aves: Rallidae) do Chile central
José Osvaldo Valdebenito1; Lucila Moreno2; Carlos Barrientos3; Sergey Mironov4; John Mike Kinsella5;  
Armando Cicchino6; Mabel Mena7; Alexandra Grandón-Ojeda7; Daniel González-Acuña7*
1 Biodiversity Laboratory, Department of Biology and Biochemistry, University of Bath, Bath, United Kingdom
2 Departamento de Zoología, Facultad de Ciencias Naturales y Oceanográf cas, Universidad de Concepción, Concepción, Chile
3 Escuela de Medicina Veterinaria, Universidad Santo Tomás, Concepción, Chile
4 Zoological Institute, Russian Academy of Sciences, Universitetskaya Embankment 1, Saint Petersburg, Russia
5 Helm West Lab, Missoula, MT, United States of America
6 Universidad Nacional de Mar del Plata, Mar del Plata, Argentina
7 Laboratorio de Parasitología y Enfermedades de Fauna Silvestre, Departamento de Ciencia Animal, Facultad de Ciencias 
Veterinarias, Universidad de Concepción, Chillán, Chile
Received February 22, 2018 
Accepted May 3, 2018
Abstract
With the aim to identify the parasite fauna of plumbeous rail, Pardirallus sanguinolentus (Aves: Rallidae) in Chile, 
26 carcasses were parasitologically necropsied. T e present study revealed the presence of 14 species of parasites (inverse 
Simpson index = 4.64; evenness = 0.332), including ectoparasites: feather mites: Analloptes megnini, Grallobia sp., 
Grallolichus sp., Megniniella sp., and Metanalges sp.; the feather lice Pseudomenopon meinertzhageni , Rallicola andinus, 
and Fulicof ula sp.; and six species of gastrointestinal helminths: Heterakis psophiae, Porrocaecum ardeae, Tetrameres sp., 
Capillaria sp., Diorchis sp., and Plagiorhynchus sp. T e relatively high parasite richness that was found could be attributed 
to the highly favorable conditions of wetlands for parasite development. All parasites found, except feather lice, are new 
records for plumbeous rail. A checklist of parasites for plumbeous rail is pr esented.
Keywords: Parasites, helminths, diversity, wetlands, rallids.
Resumo
Com o objetivo de identif car a fauna parasitária do saracura-do-banhado, Pardirallus sanguinolentus (Aves: Rallidae) no 
Chile, 26 carcaças foram necropsiadas. O presente estudo revelou a presença de 14 espécies de parasitos (índice Simpson 
inverso = 4,64; equitatividade = 0,332), incluindo os ácaros de penas: Analloptes megnini, Grallobia sp., Grallolichus sp., 
Megniniella sp. e Metanalges sp.; os piolhos de penas Pseudomenopon meinertzhageni, Rallicola andinus e Fulicof ula sp.; e seis 
espécies de helmintos gastrointestinais: Heterakis psophiae, Porrocaecum ardeae, Tetrameres sp., Capillaria sp., Diorchis sp. 
e Plagiorhynchus sp. A riqueza parasitária relativa encontrada pode ser devido às condições altamente favoráveis das zonas 
úmidas para o desenvolvimento do parasita. Todos os parasitos encontrados, com exceção dos piolhos de pena, são novos 
registros para o saracura-do-banhado. Um checklist dos parasitos do saracura-do-banhado é apr esentado.
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Abstract
To describe the parasitic community of the Magellanic Horned Owl, Bubo magellanicus (Aves, Strigiformes), 19 carcasses 
from central Chile were analyzed. Ectoparasites were collected through plumage inspection, while endoparasites were 
collected through traditional techniques of parasitological necropsy. Sixteen owls were infected with at least one species 
of ectoparasite (84.21%) or endoparasite (31.58%). Eleven of 19 birds (57.89%) harbored feather mites of the three 
species Pandalura cirrata (42.11%), Glaucalges attenuatus (47.37%), and Kramerella sp. (10.53%), whereas 16 individuals 
(84.21%) harbored the chewing louse Strigiphilus chilensis. Only six birds (31.58%) were infected with helminths; the 
nematodes Capillaria tenuissima (26.32%) and Dispharynx nasuta (5.26%); the acanthocephalan Centrorhynchus spinosus 
(5.26%); and the trematode Neodiplostomum sp. (5.26%). Apart from S. chilensis, all parasites comprised new records 
for B. magellanicus.
Keywords: Birds, parasites, Phthiraptera, Acari, helminths.
Resumo
Para descrever a comunidade parasitária de coruja-orelhuda Bubo magellanicus (Aves, Strigiformes), foram analisados 
19 carcaças das aves do centro do Chile. Os ectoparasitos foram coletados inspecionando-se a plumagem e os endoparasitas 
extraídos por meio de técnicas tradicionais de necropsia parasitaria. Dezesseis corujas estavam infectadas com pelo menos 
uma espécie de ectoparasito (84,21%) ou endoparasito (31,58%). Onze de 19 aves (57,89%) abrigavam nas penas 
ácaros de três espécies: Pandalura cirrata (42,11%), Glaucalges attenuatus (47,37%) e Kramerella sp. (10,53%), enquanto 
que 16 indivíduos (84,21%) estavam parasitados pelo piolho Strigiphilus chilensis. Apenas seis aves (31,58%) estavam 
infectadas com helmintos; os nematoides Capillaria tenuissima (26,32%) e Dispharynx nasuta (5,26%); o acantocéfalo 
Centrorhynchus spinosus (5,26%); e o trematódeo Neodiplostomum sp. (5,26%). Excetuando-se S. chilensis, todos os 
parasitos incluíam novos registros para B. magellanicus.
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